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Abstract 
Single crystal fibres have been grown by the laser heated pedestal growth technique. 
Materials investigated in this work were YZ0 3, Y3A15012 and Ah03. Doped with 
different rare earth concentration levels, these fibres were mainly grown from cold 
pressed powder mixtures. Each of the three materials exhibited different growth 
conditions. Ah03 were the easiest to grow and has the highest shear strength of 
-5MPa but has the least acceptance to rare earth doping. YZ03 fibres displayed the 
lowest shear strength of -0.71 MPa but were able to accept dopant concentration up 
to 59mol%. All three SCFs experience diameter irregularity due to the power 
fluctuation in the C02 laser power. Detailed characterisations were carried out on 
Y AG and Y 203 SCFs in order to determine the suitable concentration levels to be 
used in thermometry applications. The rare earth ions in these materials experienced 
broadening of linewidths in absorption and fluorescence emission as the 
concentration levels increased. Upconversion emission in the green and red were also 
observed for both fibres. The red intensity increases with increasing concentration 
levels. Fluorescence decay increases also with increasing concentration level. For 
YAG:Er3+ doped lOmol% the lifetime was -8ms and Y20 3:Er3+ doped at 6mol% it 
was -12.4ms at the 411312-41\5/2 transition. Fluorescence quenching was only evident 
for Y20 3:Er3+ at 59mol% with a t = 1.7ms. YAG singly doped and co-doped Yb3+, 
and Y 203 SCFs were grown for sensing applications at starting concentration levels 
of 2mol%, 2 + 5mol% and 2 mol%, respectively. Methods such as 
fluorescence/upconversion intensity ratio and fluorescence lifetime decay were 
employed as a function of temperature. The temperature range studied was from 
-293K to -1473K. Both YAG singly doped and co-doped fibres displayed similar 
emission behaviour under thermal influence. The co-doped fibres provided an extra 
IR line in the transition 211112 for temperature sensing. The majority of the 
fluorescence intensity ratio (FIR) curves increased with increasing temperature. 
Curves that showed potential in sensing were selected and re-plotted with the 
theoretical formula. In the visible region, the Y AG fibres saw that the co-doped fibre 
has a stronger red intensity. The green emission was shown to be more appropriate 
for temperature sensing due to the consistency in the respond to temperature. 
Lifetime decay showed that with Yb3+ co-doping the difference between low and 
higher temperature was -1.2ms. Y 203 SCF sensors demonstrated that transition lines 
at 1530.5nm and 1550nm were the most ideal to be used for methods such as FIR 
and FD. In the visible region, the red emission was only effective up to -673K 
whereas the green emission was able to measure temperature up to -1473K. The 
fluorescence decay of Y203:Er3+ at room temperature was -9.5ms where its lifetime 
differences between 293K and 1273K was -2.3ms which was the widest for all the 
materials studied. 
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Spec 43 - Y203:Er3+ (0.06mol%) Fluorescence spectrum with excitation 
source at 965nm (4113/2) 
Spec 43 - Y203:Er3+ (0.06mol%) Fluorescence spectrum with excitation 
source at 975nm 
Spec 43 - Y203:Er3+ (0.06mol%) Fluorescence spectrum with excitation 
source at 975nm (4113/2) 
Spec 44 - Y203:Er3+ (0.3mol%) Fluorescence spectrum with excitation 
source at 965nm 
Spec 44 - Y203:Er3+ (0.3mol%) Fluorescence spectrum with excitation 
4 
source at 965nm ( 113/2) 
Spec 44 - Y203:Er3+ (0.3mol%) Fluorescence spectrum with excitation 
source at 975nm 
Spec 44 - Y203:Er3+ (O.3mol%) Fluorescence spectrum with excitation 
4 
source at 975nm ( 113/2) 
Spec 18 - Y203:Er3+ (3.1mol%) Fluorescence spectrum with excitation 
source at 965nm 
Spec 18 - Y203:Er3+ (3.1mol%) Fluorescence spectrum with excitation 
source at 965nm (4113/2) 
Spec 20 - Y203:Er3+ (6mol%) Fluorescence spectrum with excitation 
source at 965nm 
Spec 20 - Y203:Er3+ (6mol%) Fluorescence spectrum with excitation 
source at 965nm (4113/2) 
Spec 19 - Y203:Er3+ (59mol%) Fluorescence spectrum with excitation 
source at 965nm 
Spec 19 - Y203:Er3+ (59mol%) Fluorescence spectrum with excitation 
source at 965nm (4113/2) 
Fluorescence intensity ratio (FIR) 11530.5/11636.5 
Fluorescence intensity ratio (FIR) 11010/11530.5 
Fluorescence intensity ratio (FIR) 11010/11650 
Spec 42 - Y 203:Er3+ (0.03mol%) Upconversion spectrum 
Spec 43 - Y203:Er3+ (0.06mol%) Upconversion spectrum 
Spec 44 - Y203:Er3+ (0.3mol%) Upconversion spectrum 
Spec 18 - Y203:Er3+ (3.1mol%) Upconversion spectrum 
Spec 20 - Y203:Er3+ (6mol%) Upconversion spectrum 
Spec 19 - Y203:Er3+ (59mol%) Upconversion spectrum 
Upconversion intensity ratio (UIR) R681/G563 
Spec 42 - Y203:Er3+ (0.03mol%) SCF green emission 
Spec 19 - Y203:Er3+ (0.03mol%) SCF green and red emission 
Spec 42 - Y203:Er3+ (O.03mol%) Fluorescence lifetime (r) at 1010nm 
Spec 43 - Y203:Er3+ (O.06mol%) Fluorescence lifetime (r) at 1010nm 
Spec 44 - Y203:Er3+ (O.3mol%) Fluorescence lifetime (r) at 1010nm 
Spec 18 - Y203:Er3+ (3.1mol%) Fluorescence lifetime (r) at 1010nm 
Spec 20 - Y203:Er3+ (6mol%) Fluorescence lifetime (r) at 1010nm 
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Chapter 8 
Y203:Er3+ Fluorescence lifetime (r) at IOIOnm 
Spec 42 - Y203:Er3+ (0.03mol%) Fluorescence lifetime (t) at 1530nm 
Spec 43 - Y20 3:Er3+ (O.06mol%) Fluorescence lifetime (t) at 1530nm 
Spec 44 - Y203:Er3+ (O.3mol%) Fluorescence lifetime (t) at 1530nm 
Spec 18 - Y20 3:Er3+ (3.1mol%) Fluorescence lifetime (t) at 1530nm 
Spec 20 - Y203:Er3+ (6mol%) Fluorescence lifetime (t) at 1530nm 
Y20):Er3+ Fluorescence lifetime (r) at 1530nm 
Spec 42 - Y20):Er3+ (0.03mol%) Fluorescence lifetime (t) at 1550nm 
Spec 43 - Y20):Er3+ (0.06mol%) Fluorescence lifetime (t) at 1550nm 
Spec 44 - Y20):Er3+ (0.3mol%) Fluorescence lifetime (t) at 1550nm 
Spec 18 - Y20):Er3+ (3.1mol%) Fluorescence lifetime (r) at 1550nm 
Spec 20 - Y203:Er)+ (6mol%) Fluorescence lifetime (t) at 1550nm 
Y20):Er3+ Fluorescence lifetime (r) at 1550nm 
Spec 42 - Y203:Er)+ (O.03mol%) Fluorescence lifetime (t) at 4113/2 
Spec 43 - Y20):Er3+ (O.06mol%) Fluorescence lifetime (t) at 4113/2 
Spec 44 - Y203:Er3+ (0.3mol%) Fluorescence lifetime (r) at 4113/2 
Spec 18 - Y20):Er3+ (3.1mol%) Fluorescence lifetime (t) at 4113/2 
Spec 20 - Y203:Er3+ (6mol%) Fluorescence lifetime (r) at 4113/2 
Spec 19 - Y20 3:Er3+ (59mol%) Fluorescence lifetime (r) at 411312 
Y203:Er3+ Fluorescence lifetime (t) at 4113/2 
[8.1] Spec Al30 - Ah03 fibre diameter measurement 
[8.2] Spec Al31 - AhO) fibre diameter measurement 
[8.3] Spec Al32 - Ah03 fibre diameter measurement 
[8.4] AI203:Cr3+ fibre diameter measurement 
[8.5] Three-point bending test on Spec Al32 
[8.6] Ah03 fibre being bended before breaking 
[8.7] Three-point bending test for oxide materials (Average Shear Strength) 
[8.8] Ah03:Cr3+ (Ruby) absorption spectra 
[8.9] AI20):Cr3+ (Ruby) fluorescence spectra 
Chapter 9 
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[9.15a] 
Intrinsic sensing device 
Extrinsic sensing device 
Mach-Zehnder interferometer for temperature sensing 
Bragg grating imprinted on optical fibre 
Distribution fibre optic sensor configuration 
Point fluorescence-based sensing 
SCFs temperature sensors 
SCF temperature sensor tip 
Upconversion (visible green) seen at the tip of the fibre sensor 
Experimental set-up for temperature sensing using FIR and FD method 
Spec YAI 26 Y 3AI5012:Er3+ fluorescence in room temperature. 293K 
Spec YAI 26 Y)AI50I2:Er3+ fluorescence spectra (4113/2) - room 
temperature to 873K 
Spec YAl26 Y3AI5012:Er3+ fluorescence spectra (4113/2) - 973K to 1473K 
Spec YAI 26 Y)AI50 12:Er3+ - Integrated area 
Spec YAl26 Y3AI5012:Er3+ FIR,;6 vs temperature 
[9.15b] 
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[9.15d] 
[9.15e] 
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[9.26] 
Spec YAl26 Y3AI5012:Er3+ FIRI;6 & FIRI~ vs temperature 
Spec YAI 26 Y3A1s012:Er3+ FIRI~6 to FIRI~6 vs temperature 
Spec YAl26 Y3AI5012:Er3+ FIRI~6 (fitted with Eq. 9.7) vs temperature 
Spec YAI 26 Y3AI5012:Er3+ FIR26 & FIR26 13 14 (fitted with Eq. 9.7)vs 
temperature 
Spec YAI 26 Y3}\15012:Er3+ FIR26 & FIR26 15 18 (fitted with Eq. 9.7) vs 
temperature 
Spec YAI 26 Y3AI5012:Er3+ FIR26 & FIR26 16 17 (fitted with Eq. 9.7) vs 
temperature 
Spec YAl26 Y3AIs0 12:Er3+ FIR;: & FIR;: vs temperature 
Spec YAl26 Y3AI5012:Er3+ FIR;~ to FIRi: vs temperature 
Spec YAI 26 Y3}\15012:Er3+ FIR26 & FIR26 25 28 (fitted with Eq. 9.7) vs 
temperature 
Spec YAI 26 Y3AI5012:Er3+ FIR26 & FIR26 26 27 (fitted with Eq. 9.7) vs 
temperature 
Spec YAl26 Y3AI5012:Er3+ FIR;: vs temperature 
Spec YAl26 Y3AI5012:Er3+ FIR;: to FIR;: vs temperature 
Spec YAI 26 Y3AlsOI2:Er3+ FIR;: & FIR;~ (fitted with Eq. 9.7) vs 
temperature 
Spec YAI 26 Y3AI5012:Er3+ FIR26 & FIR26 36 38 (fitted with Eq. 9.7) vs 
temperature 
Spec YAI 26 Y3AI50 12:Er3+ FIR1: to FIR1~ vs temperature 
Spec YAI 26 Y3AI5012:Er3+ FIR26 & FIR26 45 47 (fitted with Eq. 9.7) vs 
temperature 
Spec YAI 26 Y3AI5012:Er3+ FIR26 & FIR26 46 48 (fitted with Eq. 9.7) vs 
temperature 
Spec Y Al 26 Y 3AI50 12:Er3+ FIR;: to FIR;: vs temperature 
Spec YAl26 Y3AI50 12:Er3+ FIR;~ &FIR;~ vs temperature 
Spec YAI 26 Y3AI5012:Er3+ FIR;: (fitted with Eq. 9.7) vs temperature 
Spec YAI 26 Y3AI5012:Er3+ FIRi: (actual and fitted with Eq. 9.7) vs 
temperature 
Spec Y Al 26 Y 3AlsOI2:Er3+ FIR~~, FIR~~ & FIR;~ - integrated areas vs 
temperature 
Spec Y AI 26 Y 3AIsO 12:Er3+ FIR~~ ,& FIR;~ - integrated areas (fitted with 
Eq. 9.7) vs temperature 
Spec YAI 26 Y3AI5012:Er3+ upconversion in room temperature, 293K 
Spec YAI 26 Y3AI5012:Er3+ upconversion spectra from room temperature 
to 1473K 
Spec YAI 26 Y3AI5012:Er3+ upconversion spectra from room temperature 
to 873K, 2H1112 + 4S3/2 
Spec YAI 26 Y3AI5012:Er3+ upconversion spectra from 1173K to 873K, 
2Hll/2 + 4S3/2 
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[9.52b] 
[9.52c] 
[9.52d] 
Spec VAl 26 Y3AIsOI2:Er3+ upconversion spectra from room temperature 
to 873K, 2F9I2 
Spec VAl 26 Y3AIsOI2:Er3+ upconversion spectra from 973 to 1473K & 
273K,2F9I2 
Spec YAl26 Y3AIsOI2:Er3+ - Integrated intensity at 2HII12, 4S312 and 2F9/2 
Spec YAl26 Y3AIs012:Er3+ intensity based sensing at 541nm (1541) 
Spec Y Al 26 Y 3AIsOI2:Er3+ integrated based sensing at 553.5nm & 
560nm (IS41 & IS60) 
Spec Y Al 26 Y 3AIsOI2:Er3+ integrated based sensing at 676nm (~76) 
Spec VAl 26 Y3AIsOI2:Er3+ UIRl226 & UIRl
2
3
6 (fitted with Eq. 9.7) vs 
temperature 
Spec VAl 26 Y3AIsOI2:Er3+ UIR;; (actual and fitted with Eq. 9.7) vs 
temperature 
Spec VAl 26 Y3AIsOI2:Er3+ UIR~~ (actual and fitted with Eq. 9.7) vs 
temperature 
Spec VAl 26 Y3AIs012:Er3+ UIR~~c (actual and fitted with Eq. 9.7) vs 
temperature 
Spec Y Al 26 Y 3AIs012:Er3+ fluorescence decay at 1453nm 
Spec VAl 26 Y 3AIsOI2:Er3+ fluorescence decay at 1470nm 
Spec YAl26 Y3AIs012:Er3+ fluorescence decay at 1528.5nm 
Spec Y Al 26 Y 3AIs012:Er3+ fluorescence decay at 1568nm 
Spec YAl26 Y3AIsOI2:Er3+ fluorescence decay at 1612nm 
Spec YAl26 Y3AIs012:Er3+ fluorescence decay at 1628.5nm 
Spec Y Al 26 Y 3AIsOI2:Er3+ fluorescence decay at 1640.5nm 
Spec Y Al 26 Y 3AIsOI2:Er3+ fluorescence decay at 1652.5nm 
Spec VAl 26 Y3AlsOI2:Er3+ fluorescence decay at of different 
temperatures at varies wavelengths 
Spec VAl 32 Y3AIsOI2:Er3+ + Yb3+ fluorescence in room temperature, 
293K 
Spec VAl 32 Y3AIsOI2:Er3+ + Yb3+ fluorescence spectra from room 
temperature to 1473K 
Spec Y Al 32 Y 3AIsOI2:Er3+ + Yb3+ fluorescence spectra (411112) - room 
temperature to 873K 
Spec VAl 32 Y3AIsOI2:Er3+ + Yb3+ fluorescence spectra (4111/2) - room 
temperature to 1473K 
Spec VAl 32 Y3AIsOI2:Er3+ + Yb3+ fluorescence spectra (4113/2) - room 
temperature to 873K 
Spec VAl 32 Y 3AIs012:Er3+ + Yb3+ fluorescence spectra (4113/2) - room 
temperature to 1473K 
Spec Y Al 32 Y 3AIsOI2:Er3+ + Yb3+ fluorescence spectra (4113/2) -
Integrated Intensity 
Spec YAl32 Y3AIs012:Er3+ + Yb3+ FIR;~toFIR;! vs temperature 
Spec YAl32 Y3AIsOI2:Er3+ + Yb3+ FIR~; to FIR;~ vs temperature 
Spec VAl 32 Y3AIsOI2:Er3+ + Yb3+ FIR~i & FIR:~ (fitted with Eq. 9.7) vs 
temperature 
Spec YAl32 Y3AIsOI2:Er3+ + Yb3+ FIR:~toFIR:! (fitted with Eq. 9.7) vs 
temperature 
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[9.61] 
Spec Y Al 32 Y 3AI501z:Er3+ + Yb3+ FIR/; to FIRJ3; vs temperature 
Spec Y Al 32 Y 3AI5012:Er3+ + Yb3+ FIR/52 to FIRJ3g2 vs temperature 
Spec YAI 32 Y3AlsOlz:Er3+ + Yb3+ FIR/52 & FIRJ~ (fitted with Eq. 9.7) vs 
temperature 
Spec YAI 32 Y3AI501Z:Er3+ + Yb3+ FIR?: (fitted with Eq. 9.7) vs 
temperature 
Spec YAI32 Y3AI5012:Er3+ + Yb3+ FIR]; & FIRii vs temperature 
Spec YAI32 Y3AIs012:Er3+ + Yb3+ FIR]; to FIRii vs temperature 
Spec YAI 32 Y3AIsOlz:Er3+ + Yb3+ FIRi; & FIRi~ (fitted with Eq. 9.7) vs 
temperature 
Spec YAI 32 Y3AIs012:Er3+ + Yb3+ FIRii (fitted with Eq. 9.7) vs 
temperature 
Spec YAI32 Y3AI5012:Er3+ + Yb3+ FIR:; vs temperature 
Spec YAl32 Y3AI501z:Er3+ + Yb3+ FIR;; to FIR;; vs temperature 
Spec YAI 32 Y3AlsOlZ:Er3+ + Yb3+ FIRjl; (fitted with Eq. 9.7) vs 
temperature 
Spec YAI 32 Y3AIsOlz:Er3+ + Yb3+ FIR;; & FIR;i (fitted with Eq. 9.7) vs 
temperature 
Spec YAI 32 Y3AI501z:Er3+ + Yb3+ FIRi; (fitted with Eq. 9.7) vs 
temperature 
Spec YAI32 Y3AI501z:Er3+ + Yb3+ FIR:; to FIR:: vs temperature 
Spec YAI 32 Y3Als012:Er3+ + Yb3+ FIR:; & FIR1; (fitted with Eq. 9.7) vs 
temperature 
Spec YAI 32 Y3AlsOlZ:Er3+ + Yb3+ FIR1i (fitted with Eq. 9.7) vs 
temperature 
Spec YAI32 Y3AI501z:Er3+ + Yb3+ FIR;~to FIR;; vs temperature 
Spec YAI32 Y3AIs012:Er3+ + Yb3+ FIR:i & FIR:: vs temperature 
Spec YAI 32 Y3A1501Z:Er3+ + Yb3+ FIR:; & FIR:i (fitted with Eq. 9.7) vs 
temperature 
Spec YAI 32 Y3AIs012:Er3+ + Yb3+ FIR;; (actual and fitted with Eq. 9.7) 
vs temperature 
Spec YAI 32 Y 3AIs012:Er3+ + Yb3+ FIR~l to FIR~~ - integrated intensity 
vs temperature 
Spec Y Al 32 Y 3AI50 12:Er3+ + Yb3+ FIR!~, FIR!~ & FIR!~ - integrated 
intensity vs temperature 
Spec YAI 32 Y3AIs012:Er3+ + Yb3+ FIR~l - integrated intensity (fitted 
with Eq. 9.7) vs temperature 
Spec Y Al 32 Y 3AIsOIZ:Er3+ + Yb3+ FIR~~ & FIR~~ - integrated intensity 
(fitted with Eq. 9.7) vs temrerature 
Spec YAI 32 Y3AIs012:Er + + Yb3+ upconversion in room temperature, 
293K 
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Spec VAl 32 Y3AI5012:Er3+ + Yb3+ upconversion spectra from room 
temperature to 1473K 
Spec VAl 32 Y3AI5012:Er3+ + Yb3+ upconversion spectra from room 
temperature to 873K, 2HII/2 + 4S3/2 
Spec VAl 32 Y3AI50 12:Er3+ + Yb3+ upconversion spectra from room 
873K to 1473, 2H11I2 + 4S3/2 
Spec VAl 32 YJAIsOI2:ErJ+ + YbJ+ upconversion spectra from room 
temperature to 873K, 4F9/2 
Spec VAl 32 Y3AIs0 12:Er3+ + Yb3+ upconversion spectra 873K to 1473K, 
4F9/2 
Spec VAl 32 YJAIs0 12:ErJ+ + Yb3+_ Integrated intensity at 2H11I2, 4S3/2 
and 2F9/2 
Spec VAl 32 YJAI5012:ErJ+ + YbJ+ intensity based sensing at 541nm 
(1541) 
Spec VAl 32 YJAIsOI2:ErJ+ + YbJ+ intensity based sensing at 553.5nm & 
560nm (1541 & 1560) 
Spec VAl 32 YJAI50 12:ErJ+ + YbJ+ intensity based sensing at 676nm 
(1676) 
Spec VAl 32 Y3AI5012:ErJ+ + YbJ+ UIRl); & UIR?32 (actual and polynomial 
fit) vs temperature 
Spec YAl32 YJAI5012:ErJ+ + Yb3+ UIRi; (actual and fitted with Eq. 9.7) 
vs temperature 
Spec VAl 32 YJAI50 12:ErJ+ + YbJ+ UIR~~ (actual and fitted with Eq. 9.7) 
vs temperature 
Spec VAl 32 YJAIsO I2:ErJ+ + YbJ+ UIR~~c (actual and fitted with Eq. 
9.7) vs temperature 
Spec Y Al 32 Y JAIsOI2:ErJ+ + YbJ+ fluorescence decay at 1027nm 
Spec VAl 32 Y3AlsOI2:Er3+ + Yb3+ fluorescence decay at 1453nm 
Spec YAl32 Y3AI5012:Er3+ + Yb3+ fluorescence decay at 1470nm 
Spec VAl 32 Y3AI50 12:ErJ+ + Yb3+ fluorescence decay at 1528.5nm 
Spec YA132 Y3A15012:Er3+ + Yb3+ fluorescence decay at 1568nm 
Spec Y Al 32 Y 3Al50 12:Er3+ + Yb3+ fluorescence decay at 1612nm 
Spec YAI 32 Y3AIsOI2:Er3+ + Yb3+ fluorescence decay at 1628.5nm 
Spec YAl32 Y3AI5012:Er3+ + Yb3+ fluorescence decay at 1640.5nm 
Spec Y Al 32 Y 3AIsOI2:Er3+ + Yb3+ fluorescence decay at 1652.5nm 
Spec VAl 32 YJAIsOI2:Er3+ + Yb3+ fluorescence decay at of different 
temperatures at varies wavelengths 
Spec 64 Y 203:Er3+ fluorescence in room temperature, 293K, 411112 
Spec 64 Y 20J:Er3+ fluorescence in room temperature, 293K, 411312 
Spec 64 Y20 J:Er3+ fluorescence spectra from room temperature to 1473K 
Spec 64 Y20 J:ErJ+ fluorescence spectra (411112) - room temperature to 
873K 
Spec 64 Y203:ErJ+ fluorescence spectra (411112) - 873K to 1473K 
Spec 64 Y203:ErJ+ fluorescence spectra (411312) - room temperature to 
873K 
Spec 64 Y203:ErJ+ fluorescence spectra (4113/2) - 873K to 1473K 
Spec 64 Y20J:ErJ+ fluorescence spectra - Integrated intensity 
Spec 64 Y 20J:Er3+ FIRl
6
2
4 
vs temperature 
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Spec 64 Y 203:Er3+ FIR,~4 to FIR,664 vs temperature 
Spec 64 Y 203:Er3+ FIRt34, FIR,674 to FIR,694 vs temperature 
Spec 64 Y 203:Er3+ FIR,624 (fitted with Eq. 9.7) vs temperature 
Spec 64 Y203:Er3+ FIR,~ (fitted with Eq. 9.7) vs temperature 
Spec 64 Y 203:Er3+ FIRt44 & FIR,6s4 (fitted with Eq. 9.7) vs temperature 
Spec 64 Y 203:Er3+ FIR~: to FIR~: vs temperature 
Spec 64 Y 203:Er3+ FIR~;, FIR~; to FIR~: vs temperature 
Spec 64 Y203:Er3+ FIR~; (fitted with Eq. 9.7) vs temperature 
Spec 64 Y203:Er3+ FIR;: (fitted with Eq. 9.7) vs temperature 
Spec 64 Y203:Er3+ FIR::toFIR:: vs temperature 
Spec 64 Y 203:Er3+ FIR:; to FIR:: vs temperature 
Spec 64 Y 203:Er3+ FIR:: (fitted with Eq. 9.7) vs temperature 
Spec 64 Y 203:Er3+ FIR:; & FIR:: (fitted with Eq. 9.7) vs temperature 
Spec 64 Y203:Er3+ FIR::' & FIR:: vs temperature 
Spec 64 Y203:Er3+ FIR:;toFIR:: vs temperature 
Spec 64 Y203:Er3+ FIR~ & FIR:: (fitted with Eq. 9.7) vs temperature 
Spec 64 Y20 3:Er3+ FIR:; (fitted with Eq. 9.7) vs temperature 
Spec 64 Y 203:Er3+ FIR~ vs temperature 
Spec 64 Y 203:Er3+ FIR;i to FIR:: vs temperature 
Spec 64 Y203:Er3+ FIR;i & FIR:: (fitted with Eq. 9.7) vs temperature 
Spec 64 Y203:Er3+ FIR~: (fitted with Eq. 9.7) vs temperature 
Spec 64 Y203:Er3+ FIR:; to FIR:: vs temperature 
Spec 64 Y203:Er3+ FIR:; & FIR:: (fitted with Eq. 9.7) vs temperature 
Spec 64 Y203:Er3+ FIR:; (fitted with Eq. 9.7) vs temperature 
Spec 64 Y 203:Er3+ FIR~ & FIR~: vs temperature 
Spec 64 Y 203:Er3+ FIRg~ vs temperature 
Spec 64 Y 203:Er3+ FIR~, FIR~ & FIR!~ vs temperature 
Spec 64 Y 203:Er3+ FIR~, FIR!~ & FIR~~ vs temperature 
Spec 64 Y203:Er3+ FIR~ (fitted with Eq. 9.7) vs temperature 
Spec 64 Y203:Er3+ FIR~ (fitted with Eq. 9.7) vs temperature 
Spec 64 Y203:Er3+ upconversion in room temperature, 293K 
Spec 64 Y 203:Er3+ upconversion spectra from room temperature to 
1473K 
Spec 64 Y203:Er3+ upconversion spectra from room temperature to 873K, 
2Hll12 + 4S3/2 
Spec 64 Y203:Er3+ upconversion spectra from room temperature to 
1473K, 2Hll12 + 4S312 
Spec 64 Y 203:Er3+ upconversion spectra from room temperature to 773K, 
4H9I2 
[9.lO6] 
[9.lO7] 
[9.108] 
[9.lO9] 
[9.110] 
[9.111] 
[9.112] 
[9.113] 
[9.114] 
[9.115] 
[9.116] 
[9.117] 
[9.118] 
Spec 64 Y 203:Er3+ - Integrated intensity at 2HJ1I2, 4S3/2 and 2F9/2 
Spec 64 Y20 3:Er3+ intensity based sensing at 538.5nm (1538.5) 
Spec 64 Y 203:Er3+ intensity based sensing at 553nm and 563nm (1553 & 
1563) 
Spec 64 Y203:Er3+ intensity based sensing at 681nm (~8J) 
Spec 64 Y20 3:Er3+ UIRl~ &UIRt': (actual and fitted with Eq. 9.7) vs 
temperature 
Spec 64 Y 203:Er3+ UIR~ vs temperature 
Spec 64 Y20 3:Er3+ UIR:;: &UIR(;; (actual and fitted with Eq. 9.7) vs 
temperature 
Spec 64 Y203:Er3+ UIRra (actual and fitted with Eq. 9.7) vs temperature 
Spec 64 Y20 3:Er3+ UIRrac vs temperature 
Spec 64 Y203:Er3+ fluorescence decay at lOlOnm 
Spec 64 Y203:Er3+ fluorescence decay at lO28.5nm 
Spec 64 Y203:Er3+ fluorescence decay at 1530.5nm 
Spec 64 Y203:Er3+ fluorescence decay at 1550nm 
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1 Introduction 
The growth of good quality single crystals for the purpose of material investigation 
has always been a challenge for many researchers. With the development of the 
Laser Heated Pedestal Growth (LHPG) technique, high quality single crystal samples 
could be produced quickly and cost effectively. Extremely versatile, this technique 
can also grow a wide variety of materials and lends itself well to the field of 
developing novel crystalline materials, particularly in optical applications. 
In the present optical fibre industry, dominating glass-based optical fibres have 
shown that there are limitations due to their material properties while single crystal 
fibres have proven to be able to eradicate these limitations. Probably the single most 
important optical application to emerge in the last 30 years is that of optical fibre 
communication. In terms of technological and economic impact no other field in 
optics comes close. As new and more challenging applications are found for this 
technology there are instances where material limitations begin to restrict and 
constrain development. 
An example of this is in the fibre sensor applications, where glass-based fibres are 
not suitable for certain hostile environments. Crystalline fibres offer a new range of 
materials to address these problems. The LHPG technique makes it easy and quick to 
grow high quality crystalline fibres that are of similar sizes as conventional fibres. 
This increases the ease of integration with present optical technology. The many 
advantages that single crystal fibres have will, in the future, open many doors to a 
broader scope of applications. 
The aim of this work is to employ the LHPG technique to grow single crystal fibres 
of various oxide materials with a range of dopant concentrations and to characterise 
them. To identify and choose the best concentrations, through the characterisation 
processes, and exploit them in application in thermometry. This thesis is divided into 
three sections. Section I - Literature and Theoretical Reviews comprises Chapter 2 to 
5. Section II - Characterisation of SCFs comprises Chapter 6 to 8 and Section III -
SCFs Applications comprises Chapter 9. 
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Chapter 2 comprises a brief historical background of Single Crystal Fibres (SCFs). A 
review is also made on the different techniques used to grow SCFs. The applications 
of SCFs are discussed. 
Chapter 3 is divided into two sections. In the first section, a review is made on the 
basic knowledge that is required when growing SCFs using the LHPG technique. 
The fundamentals of achieving steady state growth are discussed and the types of 
defects that might occur during the growth process are also mentioned. In the second 
section of this chapter, a theoretical review on the spectroscopic characterisation of 
the Er3+ and Yb3+ ions is made. Different energy transfer processes are also 
examined. 
Chapter 4 presents the overview of the LHPG technique. A description of each 
subsystem within the LHPG system is given in this chapter. The preparation stages 
before the growth of the SCF are described and discussed. The growth conditions of 
the three materials (Y3AIs012, Y203 and Ah03) are evaluated and examined. 
In Chapter 5, the characterisation experiments are explained. This chapter is divided 
into two sections. In the first section, the physical characterisation comprising 
diameter and strength measurements are explained. Layouts and equipment used in 
these experiments are also discussed. The second section consists of the discussion of 
the spectroscopic characterisation experiments. Absorption, fluorescence/ 
upconversion and lifetime decay experimental layouts are presented. 
Chapter 6 comprises the characterisation of Y 3Als012 SCFs. Physical properties of 
the SCF fibres were investigated. Spectroscopy characterisation of the Er3+ singly 
and Er3+ + Yb3+ co-doped Y AG SCFs were investigated. The spectroscopy results of 
absorption, fluorescence, upconversion and lifetime decay are presented and 
discussions on the findings are made. 
Chapter 7 presents the findings of the Y 203 SCFs. Physical and spectroscopic 
characterisations were carried out on these singly doped Er3+ SCFs. Results from the 
experiments are reported and discussions on the findings are made. 
In Chapter 8, transition metal ions doped Al203 SCFs were investigated. Cr3+:Alz03 
fibres were grown and both physical and spectroscopic investigations were carried 
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out on these fibres. Absorption and fluorescence measurements were conducted on 
these fibres and results from these experiments are presented. 
Chapter 9, the application chapter, investigates Y3AIsOI2:Er3+, Y3AIsOI2:Er3++Yb3+ 
and Y 203:Er3+ as temperature sensors in extreme conditions. The emission (both 
visible and infrared spectrums) from the rare earths within these fibres were assessed 
as a function of temperature. Methods such as fluorescence intensity ratio (FIR), 
upconversion intensity ratio (UIR) and fluorescence decay lifetime were correlated 
with temperature. 
Chapter 10 conclude the thesis. New approaches in the improvement of the LHPG 
systems are recommended for the enhancement of fibre quality. Future work that is 
required in the investigation of SCFs in other areas of application are also discussed. 
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Section I 
Literature and Theoretical Reviews 
2 Literature Review 
2.1 Introduction 
The study of Single Crystal Fibres (SCF) has intensified in the last three decades. In 
the 1950s, work done on SCFs was motivated by their mechanical properties for 
structural applications but this gradually subsided. Slow growth rates and difficulties 
in diameter and length control were some of the limitations for these SCFs. The 
renewal of interest in this field of study can in some measure be attributed to its main 
rival, glass or silica fibre. In the 1970s, silica fibres were in great demand because of 
their flexibility in production and ability to be used in long distance optical 
transmission. The main area of use was in telecommunications; however, fibres were 
not able to transmit effectively in mid to high infrared regions. Research was then 
directed to the SCF's. Many other advantages came with the use of SCF. Fibres were 
found to have high crystalline perfection, near-theoretical strength, low optical 
losses, high melting temperatures, and excellent chemical inertness. To date, SCFs 
have been used for optical amplifiers, modulators, beam delivery, machining and 
welding, solid state laser devices, linear and non-linear optics and sensors. SCF at 
present may not be able to replace the silica fibre as a passive device but as an active 
device, SCF shows much potential. Integrating the two maybe an area also worth 
investigating, for each has its own unique features. 
Another promising application of SCF is in the area of crystal growth research. In 
solid state laser or amplifier applications, instead of fabricating bulk material, SCFs 
can be used so that cost and time of development of novel materials is greatly 
minimised. Due to their small sample diameters, crystalline fibres are quickly and 
easily prepared and minimal material is required. Small crystal dimensions also 
reduce the possible defect rate that can occur in bulk crystal. These factors increase 
efficiency and also accelerate the development of crystals knowledge. The primary 
impetus of the present work is to grow SCFs by Laser Heated Pedestal Growth 
method and to characterise them. 
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2.2 Historical Background of Single Crystal Fibre (SCF) 
The first documented case of a fibre being produced in an optical material was in the 
year 1887 by Sir Charles Vernon Boys [2.1, 2]. Fibres were drawn with a crossbow 
and straw arrow [2.1]. Firstly, the quartz rod was attached to the tail of the straw 
arrow with sealing-wax and the other end was held by hand. Secondly, the middle of 
the quartz was heated with an oxyhydrogen flame. Thirdly, the crossbow was fired 
by a leg pedal, the arrow then shot off creating fibres. With this method, Boys was 
able to make fibres from quartz as fine as 0.25 /lm in diameter. When Boys used 
these fine fibres as torsion-threads, they were shown to be near prefect in their 
elasticity and extremely strong [2.1]. 
In 1967, a group from Massachusetts (Tyco Laboratories, Inc), LaBelle and Mlavsky 
[2.3] reported the melt growth of sapphire that had diameters ranging from 0.05 to 
0.50mm. These sapphire filaments were pulled at rates as high as l.5cmlmin. The 
equipment used-a modification from the Czochralski crystal puller-had a RF 
heating element and molybdenum crucible. Despite the melt looking greyish in the 
crucible, the grown filament remained transparent. These fibres possessed a high 
tensile strength of 300000 Ib/in2 (1 Ib/in2 = 6894.757 N/m2) , and the strength 
increasing when the diameter fell in the range of 0.1 - 0.13 mm to 500000 Ib/in2• 
Understanding how to control the thermal gradient of the material permitted them to 
grow continuous c-axis sapphire filaments. In their later work in 1971, LaBelle and 
Mlavsky [2.4] were able to develop a technique-the edge-defined film growth 
(EFG) method [2.5]-to grow continuous sapphire fibres, several hundreds of feet 
long. In this method, a capillary tube made from molybdenum was affixed to the 
bottom of a crucible, allowing molten alumina to ascend the capillary. Using a c-axis 
filament as seed, a continuous fibre was grown by pulling at a growth rate as fast as 
20cm/min where it was then taken up by a wheel drum. One key motivation in this 
work was to use the fibres in structural composites; the idea was to develop a method 
to grow sapphire crystals in different shapes such as tubes and ribbons. 
Using the floating zone method, D.B. Gasson and B. Cockayne [2.6], in 1970, were 
the first to use a laser as a heat source to grow large single crystals of high melting 
materials in the temperature range from 2000°C to 2400°C. Two AC-energised CO2-
N2-He lasers, with an output power ranging from 50 to 400W, were used as heat 
sources to grow oxide materials such as Ah03, CaZr03, MgAh03, Nd03 and Y 203. 
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These oxides were initially in powder form, then pressed and sintered into a rod with 
diameters as small as 0.5 cm to as big as 10 cm. In their experiments, Y 203 and 
CaZr03 posed a problem due to the large temperature differences between the 
surrounding temperature in the furnace and their melting temperatures. The result 
was the appearance of cracks in the crystal. As for the other materials, growth was 
crack-free because of their lower melting temperature. The use of lasers as a heat 
source reduced the thermal gradients in the material which in tum reduced the strain 
that was evident in growth methods such as Czochralski. Haggerty et al [2.7] built a 
floating zone technique which used four CO2 lasers instead of two. The primary role 
of this research was to study the growth procedures of different materials and to test 
their mechanical properties. With this knowledge, improvement could be made to the 
growth process and apparatus. It was found that chromium-doped Ah03 exhibited a 
flexural strength of 9.64x109 N/m2 which was the highest among the materials 
investigated. Although Y 203 exhibited no surface or internal cracks, this material did 
not prove to be a good choice to use for fibre reinforcement of metal matrices due to 
its relatively low elastic modulus (1.03xlO11 to 1.1OxlOI1 N/m2). Its highly 
susceptibility to water in the environment was suggested as the reason for its poor 
strength. 
The focus of research into SCF's in the early 1970s was their potential use as 
structural materials. Haggerty and Levitt [2.8] reviewed work on material composites 
of SCFs which were at that time commonly known as 'whiskers'. Different methods 
were reviewed in the investigation of strength, growth behaviour and crystalline 
perfection. Interest then was to use these whiskers as reinforcement agents, in 
particular in fibre matrix composites. This interest gradually subsided as alternative 
materials with better strength performance were discovered. However, this did not 
stop others from researching the use of SCFs in other applications. In 1975, Burrus 
and Stone [2.9] were the first to use SCFs as fibre lasers. They grew aNd: YAG fibre 
with a diameter of 50jlm and a length of 0.5 to lcm. The method adopted by the 
group was similar to that of Poplawsky [2.10] in 1962 which, instead of using a 
crucible, an iron pedestal was used where materials like magnetite, manganese ferrite 
and nickel ferrite boules shaped in a cylindrical form were placed on it. This reduced 
contamination since the melt would not come into contact with any containment 
materials. This technique, pedestal growth (modified zone melting), was the 
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inspiration for the work of Burrus and Stone. In their work a square source rod of 
2mm, 1 % Nd-doped Y AG, was cut. Using a beam from a single CO2 laser to melt the 
tip of the source rod, a platinum wire (20-251-Im) was then used to pull from the melt 
to form a new crystal fibre. The fibres grown, with a diameter less than 250lLm, were 
free from cracks or inhomogeneities. The absorption and fluorescence spectra of 
these fibres remained consistent to the original fibre even after a five-time regrowth. 
In order to improve the growth system, Stone and Burrus in their work in 1976 [2.11] 
used two C02 lasers instead of one. This improved the uniformity and straightness of 
the Nd:YAG fibre. This fibre laser gave an output of 0.8mW, operating about 10% 
above threshold and had a relaxation period about 50p,s. Using a similar method of 
growth, Burrus and Coldren [2.12], demonstrated the growth of sapphire-clad ruby 
fibres. Firstly, the ruby fibre was grown from a homogenously doped Cr sapphire 
source rod. Secondly, the surface of the ruby fibre was melted and regrown using the 
same CO2 laser. The Cr concentration was reduced by an approximated factor of 100 
or more through evaporation. The end result of this additional process created a new 
fibre of a smaller diameter, with a core and cladding comprising different Cr 
concentrations. These fibres could then be used as waveguides for optical or 
acoustical energy. 
y 203 crystals, grown conventionally by flame fusion or Vemeuil method, were also 
investigated and grown by Stone and Burrus [2.13] using the modified zone melting 
method mentioned above. Nd:Y203 fibres were grown to be used as lasers operating 
in 1.07 and 1.351Lm. Highly pure Y 203 and Nd20 3 powders were packed into 
cylindrical tubes of about 5-cm long and were used as source materials for the 
growth. Fibres of diameter ranging from 50-1 OOlLm were achieved after three to four 
times of growth reduction. Y203 SCFs were found to be relatively brittle and had a 
rough surface and, unlike sapphire and YAG, were easily broken if not handled 
properly. One similarity among the three materials was that the increase in dopant 
level resulted in the melt being unstable and caused crystalline imperfection. The 
number of growth reductions for higher dopant fibres had to be reduced and had 
slower pull rates as compared to undoped fibres. The fibres grown were free from 
strain and appeared to have high optical quality. Based on the fluorescence lifetime 
versus concentration measurement, Nd20 3 (1.5 wt%) doped Y203 gave the best fit 
requirement of a laser as compared to the other dopant levels. At 1.5 wt%, the fibre 
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had a fluorescence lifetime of 340J,ts when it was excited with a Kr laser at 
0.7525J,tm. It was found that the lifetime decreased as the Nd concentration 
increased. At 3wt%, it had a decay of approximately of 200p.s. Due to their small 
diameter, Y203 fibres did not suffer from cracks either in the growth process nor 
exhibited any spontaneous cracks after 24 hours of storage at room temperature. 
Although a very active area of research, it did not attract much attention at that time. 
One reason was that there was no obvious suitable application at that time for SCFs 
which gave a significant performance advantage. Another reason was that the crystal 
growth community was preoccupied with other areas such as thin film development 
and the improvement of bulk crystals. These are fields that are still greatly 
researched to this day. In 1978, Goodman [2.14] investigated the potential of using 
SCFs as optical devices in the 4J,tm band. Interest began to grow again in the 1980s 
when a group from Stanford University, motivated by the many potential 
applications of SCFs, produced a range of optical devices. A major step that 
contributed to this was when Fejer and Nightingale [2.15] introduced a novel method 
called the Laser Heated Pedestal Miniature Growth (LHMPG) which was able to 
grow SCFs with high optical quality. One key concern was to grow fibres for their 
assessment in developing new optical materials. Previously, diameter instabilities 
and surface irregularities led to relatively high losses in optical transmission. It was 
found that diameter fluctuations arose not only from growth instability, but a large 
portion also came from the mechanical and optical abnormalities. Thus, solving this 
problem would solve the problem of having uneven diameters on the SCF. The team 
found that in a 5-cm long, 25p.m diameter fibre for every 1 % random diameter 
fluctuations, the loss was of the order of 25%. Part of the new design of the LHPG 
was the reproduction of modified zone melting by Burrus and Stone [2.9], but major 
changes were made to it. The concept of having two lasers and a rotating periscope 
or ellipsoidal focusing system were removed and replaced. In previous designs, there 
would always be cold spots on the growth zone. Therefore, a symmetrical irradiance 
would be ideal. The group redesigned the system by having a one-laser system, but 
with a reflaxicon and a paraboloidal mirror to direct the C02 laser beam to the tip of 
the source material. This approach provided a symmetrical heat source during the 
growth. A diameter monitoring system was also set up. The monitoring system was 
able to control the fluctuation of the diameter to less than 0.1 %. Opportunities of 
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using SCFs as optical devices were further investigated by Feige/son [2.16] in 1988. 
His team from Stanford University had successfully demonstrated the possibility of 
growing many different SCF materials and utilising them in different areas of 
application. The LHPG method has been shown to be effective in producing fibres of 
uniform diameter; it is fast and easy-to-prepare materials for growth; and it is cost 
effective when it comes to single crystal property analysis. For these reasons, many 
around the globe have adopted this method of growing SCF. 
2.3 Rare Earth Doped SCF 
Rare earth elements, also known as lanthanides, consist of a series of elements 
ranging from lanthanum to lutetium in the Periodic Table. Luminescence produced 
by rare earth ions have been extensively investigated by many researchers since the 
start of the 20th century. The use of rare earth ions as phosphor activators is a 
common and mature technology. Cathode-Ray Tube (CRT) phosphors are an 
example of exploiting triply charged ions of the rare earths producing transitions in 
the red, green and blue. In the 1960s, rare earth ions were predominantly used in 
solid-state lasers because the energy levels in these ions are largely insensitive to a 
variety of host materials. 
The use of rare earth doped fibre was first reported in 1964 by a team from the 
American Optical Company in Massachusetts. Koester and Snitzer [2.17] from the 
team successfully developed a neodymium-doped glass amplifier. The fibre, which 
amplified at 1.06p.m, had a core diameter of lOp.m, a cladding of 0.75 to 1.5mm and 
a total length of 1m. For convenient pumping from a flashtube, the fibre was wound 
into the form of a helix and the ends of the fibre were polished at an angle which 
prevented laser oscillation. The gain from the system was a strong function of the 
pump power where it achieved a net pass gain as high as 47dB. The same team in 
1965, Snitzer and Woodcock [2.18] were the first to demonstrate the use of rare 
earths, ytterbium and erbium, incorporated into glass as a laser material. Transferring 
energy from Yb3+ to Er3+ in the silicate glass, a laser emission at 1.5426p.m was 
attained at room temperature. 
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In 1973, neodymium doped silica was investigated by Burrus and Stone [2.19]. 
Pumped by an argon ion laser at wavelengths of 0.5145 and 0.590J,lm, the fibre laser 
operated at wavelengths of 1.06 and 1.08/lm and had a low threshold of 1 to 2m W of 
absorbed pump power. Burrus and Stone [2.9] were also the pioneers of rare earth 
doped SCF. Nd doped Y AG fibres were investigated because of their compatibility 
with other optical devices. These doped crystal fibres, grown in small diameters, 
were shown to be good lasing materials. The development of Nd:YAG lasers had 
been the most outstanding success of its time. The basic role for rare earth doped 
silica fibres in the 1970s was in the area of fibre transmission systems. However, the 
findings on these fibres were not immediately appreciated. 
A decade later, interest in this field was once again raised when there was an 
increasing need to fulfil the great demand in the telecommunication arena. In 1985, 
Poole and Payne [2.20] from University of Southampton reported a novel technique 
of fabricating single mode rare earth doped fibres by modifying the existing chemical 
vapour deposition technique. Doped fibres produced from this new technique, known 
as the Modified Chemical Vapour Deposition (MCVD), are low in losses, achieved 
high gain, have narrow bandwidth, and are compact and stable. This new 
development brought about a whole new recognition toward rare earth doped fibres. 
A large research effort was focused on this area, mainly driven by optical 
communication applications which require rare earth doped silica fibres. Rare earth 
doped crystal fibres meanwhile found themselves being used more in laser physics 
applications and research. 
In the 1980s, Snitzer and co-workers [2.21] used rare earth (europium and 
neodymium) doped glass fibre In the area of thermometry. The 
absorption/transmission behaviour of the rare earths was found to be dependent on 
temperature. Absorption occurred in both the visible and infrared regions. 
Investigations showed that for neodymium doped fibres, there was an increase in 
transmission in the region nearer to the infrared wavelengths when the temperature 
increased. As for the europium sensor, transmission through the glass fibre reduced 
as the temperature increased. Grattan and Palmer [2.22] also developed an 
inexpensive neodymium rod as a temperature sensor. More recently, instead of using 
conventional fibres for thermometry, SCF doped rare earth has been used in 
thermometric measurement. This work was carried out by Seat and Sharp [2.23]. 
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Er3+ + Yb3+ -cod oped single crystal sapphire fibres fabricated using LHPG were 
investigated as sensors for high temperature environments. Employing an 
upconversion intensity-based sensing scheme, the thermal behaviour in a harsh 
environment was monitored by the relative emission in the red and green spectral 
regions. The strong upconverted emission in those regions was partially contributed 
by the high dopant concentration and the unique transitions known as the 4f-4f 
interaction in the rare earth ions. 
In the late 1980s and early 1990s, a new interest grew in the development of diode 
pumped rare earth doped lasers that were able to emit in the visible spectrum, 
especially in the green and blue regions. These frequency doubled, tripled or 
upconversion lasers were developed based on rare earth ions that are doped in bulk 
crystals, glasses or fibres. Compact in size, these short-wavelength lasers offered 
many attractions in technical applications such as full-colour display, data storage, 
laser printing, etc. One of the successful materials studied for upconversion lasers is 
LiYF4:Er3+ [2.24, 25]. The reason for its success is that it has a long decay time of 3 
and 14 ms at the intermediate levels of 411112 and 411312. These levels become good 
holding reservoirs and permit excited ions to be produced for a reasonable excitation 
level. The work done by McFarlane [2.24] on upconversion lasers demonstrated the 
ability to achieve a laser output power of 0.5W at a visible wavelength of 551nm and 
with an efficiency of 14%. 
Single crystal Er:Y AI03. used as a cw upconversion laser, was first reported by 
Silversmith [2.26] in 1987. Silversmith was possibly the first to use a bulk crystal to 
demonstrate cw upconversion laser action at wavelengths of 550nm. With a pump 
power of 200mW from two infrared dye lasers, a cw output power of approximately 
of 1 m W of the green was achieved. More recent work done by Shur [2.27] has 
studied, Er doped in LiNb03 SCF. Er203 was doped in LiNb03 (congruent and 
stoichiometric) both kinds of crystal fibres show an upconversion in the green region 
at the maximum peak of 550nm. These emission dominant peaks in both the crystal 
fibres were the result of 4S3/Z--' 4115/2 transitions and the other less intense peaks at 
530nm were the result of 2HII12_ 411512 transitions. Rare earths such as erbium have 
dominated work on the upconversion, mainly because they were the first ions to 
demonstrate efficient upconversion and studies in these ions continue presently. 
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2.4 SCF Fabrication Methods 
According to H. Scheel [2.28], the first crystal growth method was possibly 
developed as early as 2500 BC where salt was purified through crystallisation. 
Therefore, the subject of crystal growth is not novel. However, the different methods 
used are something worth investigating. In this section, six different methods of SCF 
growth are discussed. They include: Capillary Shaping From Melt (similar to 
Stepanov's), Bridgman, Micro-Czochralski (/l-CZ), Drawing Down and Pulling 
Down (/l-PD), Floating Zone (FZ) and Laser Heated Pedestal Growth Methods 
(LHPG). Four out of the six methods require a crucible during the growth. A brief 
account of the techniques employed by each method is presented. The choice of 
which method one wishes to employ-to a large extent-depends on the material 
needed to be grown. 
2.4.1 Capillary Shaping From Melt Method 
This method [2.29] is similar to Stepanov's method and edge-defined film-fed 
growth which are very successful in the commercial arena. A shaper-in this case 
the capillary tube-is placed in the melt with one of its ends protruding from the 
melt. The crystal is pulled from this end. See figure 2.1 for schematic. The crystal 
cross section is shaped by the edges and walls of the capillary tube. It is important 
that the material of both the crystal and the capillary tube match well; this ensures the 
prevention of contamination. Therefore, the material of the capillary tube must be 
well chosen. The shape and diameter of the crystal is dependent on four areas: the 
capillary tube's geometry; the crystallisation surface position and shape; the pressure 
feeding the melt to the capillary tube; and lastly, the shape of the seed used. Sapphire 
[2.30], KRS-5 (thallium bromoiodide), LiNbO) (lithium niobate) and YAG (yttrium 
aluminium garnet) [2.31] are some materials grown using such a method. 
2.4.2 Bridgman Method 
There are two configurations for this method: the Vertical Bridgman method and the 
Horizontal Bridgman method [2.32]. In both methods, a crucible is used to contain 
the melt. 
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One of the main advantages for the use of the Vertical Bridgman method is from the 
mechanical perspective, the system can be manufactured more easily. Lowering the 
crucible through the heating elements is easier than moving it horizontally across. 
When vibration is of concern during the growth, the crucible will then be held 
stationary while the heating element is moved. Another advantage of the system is 
that the heating element and crucible are axially symmetric. This enhances the 
homogeneity of the crystal growth. 
There are also some advantages to using Horizontal Bridgman method. In this 
arrangement, GaAs can be grown more easily. The vapour distance to the growth is 
relatively constant over the entire length of the crystal whereas in a vertical 
arrangement, the distance travelled by the crystal varies with the fraction of the melt 
solidification. Figure 2.2 shows the vertical arrangement. In the growth of single 
crystal fibres using the Bridgman method, capillary tubes are employed. The 
capillary, acting as a form of shaper, is submerged in the melt and the crucible is then 
lowered into the heating coils which have a temperature gradient. The melt will then 
encounter a liquid and solid interface. The capillary tubes define the shape and 
diameter of the single crystal fibre so its material must match the melt to ensure 
chemical inertness. This method is used to fabricate low melting point organic fibres 
[2.33] and fluoride fibres [2.34]. 
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2.4.3 Micro Czochralski (J.l-CZ) Method 
The conventional Czochralski method could not support the growth of small-
diameter single crystal fibres due to thermal convention. For such fibres, the 
temperature in the melt has to be precisely controlled and the melt volume must be 
small in order to reduce convection. p,-CZ [2.35] method was developed to overcome 
this problem. Figure 2.3 shows the schematic of the p,-CZ method. From the figure, a 
platinum heater with a small protrusion is seen embedded in the crucible. Due to the 
miniaturisation of the system, the volume of the melt is greatly reduced to a size 
whereby thermal convection is no longer a problem for crystal growth. The melt's 
close contact with the heater also enables controllability of the melting temperature. 
A seed crystal is lowered to the small protrusion, and once it comes into contact with 
the melt, the seed is pulled up at a speed of 0.4-1 mm/min. Fibres with diameters 
ranging from 70 - 130 p,m with lengths up to 70 mm have been successfully grown. 
The advantages of this method are the orientation of the crystal can be controlled by 
the seed crystal and a shaper is not required as with the Capillary Shaping from Melt 
method. Limitations, on the other hand, are also evident in this system. A chemical 
mismatch between the melt and the crucible can cause contamination during growth 
of fibres and the maximum temperature is restricted by the heating element. In the 
first mention of p,-CZ method, LiNb03 single crystal fibres were grown. In 
subsequent work, the method has been employed to grow crystalline Bi-Sr-Ca-Cu-O 
fibres [2.36]. 
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2.4.4 Drawing Down and Micro Pull Down (J'-PD) Methods 
Drawing Down and Il-PD methods employ similar techniques, but are named 
differently by individual research groups [2.37, 2.38]. These methods were initially 
designed to grow MgO-doped LiNb03 fibres [2.37] and were developed for thin 
single crystal fibres. Oguri managed to achieve fibres with diameters as small as 10 
pm with fluctuations of ± 0.2 pm. See Figure 2.4 for schematics. Comprising a 
crucible and a platinum heater as the primary heat source, it is surrounded by a RF 
(radio frequency) coil which acts as the system's secondary heater. The melt in the 
crucible flows through the aperture. A seed fibre with the desired crystallographic 
orientation is attached to the pull mechanism, and is raised to make contact with the 
melt and then pulled at a constant speed in a downward direction to form the grown 
crystal. 
To achieve a fibre of a consistent diameter, the molten zone's volume and shape 
must be constant throughout the growth process. Since a crucible is used, one major 
disadvantage of this method is the occurrence of contamination. Residue from the 
previous growth material may not have been properly removed. Another setback in 
the use of a crucible is that the material of the crucible and the melt must be 
chemically compatible. The diameter of the fibre is restricted to the choice of the 
aperture/orifice and the wetting conditions. However, an advantage in the use of a 
small aperture is that there will be uniformity across the fibre. Various materials are 
grown by this method: lithium niobate (LiNb03) [2.37, 38, 40] used in nonlinear-
and electro-optical devices, silicon [2.38] for device applications like solar cell, 
yttrium-lithium tetrafluoride (LiYF4) [2.41] as a laser material application, 
AhOJlY3AIs012 [2.42] for eutectic fibres, and strontium barium niobate (SBN) [2.43] 
for photorefractive applications. 
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2.4.5 Floating Zone (FZ) Method 
Since the Floating Zone (FZ) method was first developed [2.44], many researchers 
have used it to grow a wide range of crystalline materials. Its crucible-free technique 
is one of the many reasons for its popularity. Without the use of a crucible, the 
limitations of crucible materials are eradicated. See Figure 2.5 for schematic. In the 
growth chamber, the melting rod which is in a free-standing position is clamped at 
the top end of the system. The heating elements will melt the tip of the melting rod, 
creating a suspended molten zone. A known crystalline seed is then raised to the 
molten zone where it is then lowered to form a single crystal fibre. In some FZ 
systems, the melting rod can be rotated at different rotation rates to achieve the 
desired growth condition. This method employs various heat sources, the most 
commonly used is RF coils [2.45], which are frequently used in industry. Other heat 
sources include high-powered lamp [2.44, 2.46], electric arc, electron bombardment 
method [2.47] and laser [2.48, 2.49]. This system has some limitations. For 
successful growth, there needs to be a stable melting zone which can pose a difficult 
task for FZ and with this instability. Convection can cause degradation in the fibres 
grown. Another problem for this growth method is its high thermal gradient found 
along its free surface which can lead to crystal cracking. 
2.4.6 Laser Heated Pedestal Growth (LHPG) 
LHPG was developed by a group from Stanford University [2.50] for growing crystal 
fibres. See Figure 2.6 for schematic. There are some similarity between FZ and 
LHPG. The major difference is that in FZ the crystal fibre grows in the downward 
direction whereas in LHPG fibres are grown by pulling in the upper direction and the 
melt is heated symmetrically. For the latter, its heating source is solely laser 
radiation. As shown schematically, a C02 laser emitting at 10.6 )lm is used to focus 
down to melt the tip of the source material, until a hemispherical molten zone is 
formed. Single crystals, polycrystals and pressed powers can be used as the source 
material. A seed crystal of known crystallographic orientation is then lowered into 
the molten zone to initiate the growth. The seed crystal is then withdrawn from the 
molten zone at a rate faster than the feed rate of the source material. The shape of the 
molten zone and growing fibre's consequent reduction in diameter are due to the 
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conservation of mass. This technique does not require the use of a crucible. The 
crystal can be easily doped with a large variety of transition metal and rare earth 
ions. Thus far, fibres with diameters as small as 3 J.lm [2.50] have been grown. The 
advantage of using a laser and focusing optics in LHPG is that a large range of 
materials can be grown. Materials like refractory oxides, fluorides, semiconductors, 
perovskites, garnets, niobates, eutectics and high temperature superconductors. See 
Appendix A for different types of materials grown using this technique. This 
technique is adopted in the current study and a further discussion will be presented in 
Chapter 4. 
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2.5 SCF Applications 
In the area of telecommunication, signal processing depends greatly on electronic 
processing, whereby electronic signals are converted to optical signals and vice 
versa. Research on having all signals processed in optical form has been a driving 
force behind the intense growth of silica based fibre lasers, optical fibre amplifiers 
and associated optics. Due to the relatively slow growth rate when compared to glass 
fibre production and no significant advantage in wavelength for telecommunication 
applications, SCF's were not the number one choice in this field as it developed. 
However, SCF's have many other attractive attributes that have become interesting 
areas of research in the past few decades. 
One of the most attractive usages of SCF's is in the area of the SCF laser. After 
Burrus and Stone [2.9], who were the first to employ SCF as a laser device, many 
others have contributed to this field. SCF lasers can exhibit higher optical damage 
thresholds, high emission cross-sections and, due to its intrinsic qualities, most 
crystals have good mechanical strength. In addition, SCF laser efficiency is 
generally better than its equivalent glass based devices. The ability to operate in the 
high infrared region also gives SCF a clear advantage as a wave-guide delivering 
high power laser beams. Although fluoride glass fibres can cover a range from the 
visible to about 4.5Jlm. it has its constraints [2.51]. Having wide transparency, it has 
limited mechanical strength and a very low operating temperature of 150°C, whereas 
sapphire crystalline fibre can operate as high as 2000°C, it is biologically inert and 
able to transmit up to -3Jlm. 
Sapphire SCF's [2.51] have been used in medical laser beam delivery for Er:YAG 
lasers with an operating wavelength of 2.94Jlm. Having a high melting point, being 
biologically inert and its resistance against degradation under a high power 
transmission beam, sapphire is indeed an excellent choice to be used in operating 
theatres. Nd doped YAG SCF is of late being used in laser thermotherapy [2.52]. A 
Ti:Sapphire laser, operating at more than a few hundred mW, is used as a excitation 
source for the Nd-tip doped Y AG SCF. The laser energy that propagates through the 
fibre is absorbed by the Nd ions and converted to heat due to phonon relaxation. The 
temperature generated is easily controlled by the optical power. This system not only 
achieves linearity between temperatures and pump powers, it also has high 
22 
mechanical strength and physical and chemical permanence, making it a good and 
promising laser thermotherapy device. 
In recent years, the use of SCF has taken on a new direction. Due to its high melting 
point and robust nature, SCF's have been employed as temperature sensors in 
extreme or hostile environments which ordinary sensors cannot withstand. 
Conventional optical fibre sensors are mainly silica-glass-based. They have been 
widely investigated and have been successfully used in many areas. These fibres are 
restricted to operating at temperatures up to 1000°C exceeding these results in a 
degradation of their mechanical and optical integrity. Therefore, silica-glass-based 
sensors are only suited to operate at relatively low temperatures. 
A wide range of crystalline materials, however, can function at temperatures 
exceeding 1000°C. Many industrial applications require sensors that can detect 
temperatures higher then 1000°C. Examples include the aerospace industries for the 
monitoring of engines, process industries and nuclear plants, where temperatures 
concerned are higher than 1000°C. Using techniques such as blackbody radiation 
[2.53], a thin film is coated at the tip of a single crystal aluminium oxide (sapphire) 
fibre 0.05 to O.3m long and the fibre is used as a temperature sensor. The high 
temperature sensor is then connected to a low temperature fibre where the radiation 
signal emits from the blackbody cavity and is collected by a detector at the end of the 
latter fibre. Although the melting point of sapphire is 2045°C, the effective operating 
temperature for this system ranges from 60QoC to 130QoC. Other SCF materials such 
as Y AG [2.54] which has a melting point of I900°C is able to operate as a sensor 
close to its melting point. This probe is grown as an all-crystalline fibre with the tip 
of this fibre doped with Erbium. Since the sensor tip and the waveguide are made of 
the same material, it can therefore be used in extreme conditions without having the 
consideration of adhesives or mechanical coupling to the waveguide. 
The search for higher temperature sensing capabilities is one of the driving forces for 
researchers in this field. Zirconia (Y203-stablized Zr02) [2.55], with a melting 
temperature as high 2700°C, is potentially ideal for such applications. The sensing 
tip and the fibre-both of the same material and grown using LHPG-are used as an 
ultra-high temperature fibre optic sensor that operates up to 2300°C, Due to the large 
residual thermal stress in this material, it is neither efficient nor accurate to make a 
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fair comparison with sapphire temperature sensors. To improve accuracy, a good 
control over the material's temperature gradient during growth is extremely 
important [2.56]. Good control of the temperature gradient will improve its 
transmission and therefore reduce the optical losses within the fibre. In any case, 
with its high melting temperature, zirconia will be the likely material used if the 
required operating temperature surpasses the melting point of sapphire. 
Strain and stress measurements are important in the areas of material science and 
structural engineering. Conventional strain gauges or strain rosettes have their 
constraints. It is desirable to study the internal strain in certain structures and this is 
what traditional methods have difficulty in achieving this. Conventional gauges are 
only able to monitor the external behaviour of the structure where optic fibre sensors 
can be embedded in the structure to fully determine the strain state inside the 
composition. Other advantages of using fibres as strain gauges are that they are light 
in weight, small in size, highly resistant to chemical corrosion, immune to 
electromagnetic interference, and able to be embedded in composites. The physical 
properties of SCF' s imply they can make good strain or stress gauges. An example of 
using sapphire as a sensor in stress or strain measurement is demonstrated by Seat 
[2.57]. The work was based on the polarimetric interference in the fibre. The above 
discussion only touches on the list of potential application areas. SCF's are also 
employed as waveguides, filters, polarisers, isolators, couplers, electro-optics 
modulators, etc. 
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3 Crystal Growth and its Characterisation 
3.1 Introduction 
The first part of this chapter gives a brief account of the basic considerations for the 
growth of single crystal fibres using the Laser Heated Pedestal Growth (LHPG) 
method. Extensive research work has been carried out in the area of crystal growth 
from the melt and it is obviously vital that the melt zone remains stable during 
growth. Likewise in LHPG, the melt stability is crucial in the growth of high quality 
fibres. The second part of this chapter gives an account of the ion-ion interactions in 
rare earths between Er3+ - Er3+ and Er3+ -Yb3+. A short introduction to the kind of rare 
earths used in the work is followed by a discussion on the possible ion-ion 
interactions that may occur in the fibres. The discussion includes an account of the 
use of rare earths at present. In the last part of this chapter, processes involving 
upconversion are further expounded. 
3.2 Crystal Growth 
A range of methods are available to grow SCF's from the melt. The objective in any 
growth system is to produce SCFs that are of good optical quality. To achieve a 
steady state growth in SCFs, a few considerations are necessary. Feigelson's [3.1] 
work on pulling optical fibres stated a few fundamentals for steady state growth of 
SCFs and work by Rudolph and Fukuda [2.31] placed further emphasis on the 
fundamentals drawn by Feigelson. These fundamentals will be revisited in this 
section and also short discussions will be made on areas specific to segregation and 
crystal defects. 
3.2.1 Fundamentals for Steady State Growth 
Melting temperature, also known as equilibrium temperature, is the temperature at 
which a liquid phase (melt) and a solid phase (crystal) coexist. These two states must 
be at equilibrium for growth to take place [3.2]. Both phases can exist above and 
below the equilibrium temperature. The basic difference between the melt and the 
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crystal is that the latter is in an environment where its atoms are in a crystalline 
symmetry whereas the former is in an environment where the atoms are in a random 
arrangement. Figure 3.1 illustrates schematically the molten zone in pedestal growth, 
where the crystal and the melt coexist. For growth to occur, physical aspects such as 
the molten zone length and volume are to be kept constant [3.1]. Feigelson classified 
the fundamental considerations for the LHPG method into three areas: (1) 
conservation of mass, (2) conservation of energy, and (3) shape stability. 
(1) Conservation of Mass 
To achieve a stable growth of a SCF, the growth length and volume must be kept 
constant. Therefore, steady state growth of fibre with a constant diameter is: 
(3.1) 
rp and Rs are radii of the pull fibre and source rod respectively, and Vp and Vs are the 
pull and feed rate of the fibre and source rod respectively. 
(2) Conservation of Energy 
A stable molten zone results when the steady state heat flow at the solid and the melt 
interfaces shares a relationship. It is as follows: 
AKs ( or) = ApiJf f (dx) + AK/ (dT) = constant 
Jx s dt Jx / 
(3.2) 
Qs and Qm are both heat flux. The former is present in the crystal away from the 
growth interface while the latter, from the melt going into the interface. Qf represents 
the latent heat of crystallisation while the two constants, Ks and Kt. are the thermal 
conductivity of solid and liquid phase respectively. A is the area of the interface, Ps is 
the density of the solid, and L1..Hf is the latent heat of fusion. The remaining two 
terms, (dT/~x)s and (dT/~xh are the thermal gradients of the solid phase and the 
liquid phase respectively. 
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The temperature that is distributed from the melting zone into the SCF is taken into 
account and formulated by Korpela [3.3]. Temperature is known to decay over a 
length of time and this is characterised as a length z = Zd (decay length) where 
(3.3) 
In equation 3.3, Ts is the surrounding temperature, kp is the Planck mean absorption 
coefficient, (J is the Stefan-Boltzmann constant, and n is the refractive index. The 
findings by KorpeLa shows that as Zd increases, temperature will eventually fall to 
that of the surrounding environment, as the Biot number (Bi = hr;( where h is 
convective heat, rp is the radius of pulled fibre, and k is thermal conductivity) and the 
Peelet number (Pe = rcvpr;( where r is the reflectivity, c is specific heat, and vp 
pulling velocity) reduce. Likewise, the absorptivity of the fibre will be reduced. A 
low absorptivity (oxides) [2.31] of the fibre lowers its cooling rate by radiation. This 
does not mean materials such as silicon and metals with higher absorptivity will have 
a smaller decay. Instead, it is greatly dependent on the high thermal conductivity, k, 
which will determine the value of Zd [3.3]. 
(3) Shape Stability 
In achieving a consistent diameter for the SCF, two essential areas need to be 
observed during the growth process. Firstly, 
(3.4) 
From Figure 3.1, ifJ is the angle between the crystal and the melt, which has a 
relationship with the surface tension and its ability to wet the SCF. ifJo is the material 
constant that defines the crystallographic orientation which is neither dependent on 
fibre growth rate nor zone length. Feigelson stated that the optimum steady state 
interfacial wetting angle is: 
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(3.5) 
The interfacial free energy is represented by (J (where sg -solid to gas, 19 - liquid to 
gas and sl - solid to liquid). For example, Si has a CPo of 11° with an orientation of 
{Ill} [3.4], sapphire - 12° with orientation of {OOOI} [3.5], and YAG - 8° with an 
orientation of {lOO} [3.6]. 
Thirdly, deviation from steady state by perturbation of L or rp of the growing SCF 
causes variation in diameter given by: 
dr 
- = v p tan( <I> - <I> 0) :f; 0 
dt 
(3.6) 
The forth consideration in maintaining a stable molten zone is the length, L. For L to 
be consistent, a relationship with the radius has to be established. The relationship is 
as follows: 
(3.7) 
Investigation by Feigelson [3.1] shows that the reduction ratio in fluorides and 
oxides grown by the LHPG method usually falls within the range of 1:2 to 1:3 while 
fibres with a small diameter ranging from -5 to lOJlm has a reduction ratio of 1: 10. 
Detailed study done by Fejer [3.6] in the area of stability and the dynamics of the 
molten zone of SCF in LHPG showed that gravity has a negligible effect on the 
molten zone for small diameter SCFs. The shape stability is mostly determined by 
the surface tension. From his work, he showed that Bond number (Bo = pgRXr 
where p is the melt density, g is the gravitational pull, and 'Y is the surface tension), 
which is related to gravitational effect, is relatively low. For SCFs of sapphire, Bo is 
3xlO-3, which is less than 1 and is therefore negligible. From this, it is concluded that 
surface tension forces have the dominant effects on the molten zone shape and 
stability. 
34 
I 
I 
i 
~: 
I 
i 
I 
i 
I 
i 
I2r~ : up' i 
1 
I 
i 
i 
VS I~( _R....::,.s?) i 
! 
I 
i 
i 
i 
I 
i 
I 
I 
i 
Figure 3.1 - Molten zone for pedestal growth 
35 
3.2.2 Segregation 
All SCFs in this work are doped with rare earth ions to act as active ions. It would be 
desirable to be able to control the level of concentration and distribution of the 
dopant across the fibre as much as one can. A simple phase diagram, see Figure 3.2, 
representing a solid solution (interfaces between the melt and the fibre) between A 
and B. During fibre growth, it will start at the liquid state, point 1, and then 
crystallises to the solid state, point 2. As this growth process proceeds, the 
composition of the liquid may move from point 1 to 3 and likewise for the solid, it 
may travel from point 2 to 4. From Figure 3.2, the liquid and the solid do not have 
similar compositions and they vary from point to point in the crystal. The separation 
of solids and liquids can be simply expressed by a coefficient, k which is called the 
distribution or segregation coefficient and is defined as Cj fCrn, where Cf and Crn are 
the concentration of the pulled crystal and the melt respectively. The k valve 
determines the ease of pulling of the SCF. Thus, when k differs from unity, greater 
separation results and this also adds difficulties in the growth process. 
For SCF growth using the LHPG method, Sharp [3.7] has developed a theoretical 
model in the investigation of dopant being transferred from the source rod to the 
growing fibre. The developed theoretical model matches well with experiment and 
the evaporation time could also be established. Similar models can be employed to 
determine the dopant transfer into the fibres grown in this work. The assumption 
made is that the dopant in the melt only comes from the source rod and losses of 
dopant from the melt are only through evaporation and to the growth fibre. In this 
case, evaporation is characterised by the evaporation time constant, r. If evaporation 
in the melt is incongruent, crystals using the LHPG method will be difficult to grow. 
On the other hand, fibres with good optical quality have a rate of evaporation that is 
moderate and source material can be made containing excess of the volatile 
component [3.1]. r is defined as the time at which concentration in the melt, Cm. 
decreases by a factor of e,1 at zero growth rate. 
f =k Ce v +-I-e V + e V -e V C (z) [, -pz a ( -pz J a( C' -1) (-rz -PZ J] 
Cso fJ fJ-y 
(3,8) 
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Cj is the concentration in the fibre, Cs is concentration in the source rod, C'= Csi / Cso 
(Csi is the initial concentration of the source rod and Cso is the concentration at 
equilibrium as time, t -+ 0), a = 1[r:v Iv (V is the volume of melt), f3 = ak + Yr 
and reduction ratio, r = Rs j . From the equation above, a general prediction of the jrp 
growth fibre can be made. The above examples, although not the principal focus of 
this work, set the theoretical parameters and establish the SCF growth concepts 
surrounding the subsequent chapters. 
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3.2.3 Crystal Defects 
It is impossible to grow crystals that are free from defects. Identifying the defects and 
understanding them will help the crystal grower to minimise possible occurrences of 
defects. Common defects encountered in SCFs are point and line defects. 
Point defects are classified as atoms missing (vacant) from the lattice and these 
vacancies are occupied by either interstitial atoms or impurities atoms. A study done 
by Kim [3.8] describes microdefects, which result from the out diffusion of the point 
as defects. Silicon fibres grown by the pedestal technique witnesses no defects 
around the outer rims of the fibres but micro-defects appear uniformly in the centre 
of the fibres. Investigation by Takagi [3.9] on sapphire fibres shows that the number 
of microvoids in the fibre is proportional to the pull rate of the fibre. The fibre turned 
opaque at a high pull rate of 29cmlh. When pulled at 4.7cmlh, there was no sign of 
voids in the fibre. A measurement was made and the size of each void was about 
5/lm. Reducing the gas pressure within the growth chamber gave no signs of 
improvement. Defects were still appearing when the crystal was being grown at high 
pull rates. The investigation demonstrated that microvoid formation is greatly 
dependent of the temperature gradient of the melt. 
Line defects are classified as edge dislocations and screw dislocations. Dislocations 
are the misalignment of atoms in the lattice. An edge dislocation results when there is 
an extra partial sheet in the structure at the edge. A screw dislocation results when a 
cut is made through part of a crystal and the edge is displaced upward. Both edge and 
screw dislocations can take place concurrently. This is also known as mixed 
dislocations. One major contributing factor of dislocations is the elastic shear strain. 
If the shear strain is below its critical amount, dislocation will not happen [3.10]. 
Non-homogeneous temperature distributions from the melt to the fibre, step changes 
in lattices constants, and the presence of strain gradients and inclusions are the 
sources of shear strain. Work by Tang [3.11] on Barium Metaborate (BaB204) SCF 
grown using the LHPG method, showed inclusions in the fibres. The major cause of 
inclusions in fibres is the process of supercooling ahead of the interface. A number of 
reasons can attribute to the process of supercooling, e.g. inconsistent laser power, 
and mechanical discontinuity within the system. 
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3.3 Spectroscopy Characterisation of Rare Earth Ions 
3.3.1 Rare Earth Characteristics 
The demand for rare earth ion based optical materials has been increasing through 
the years, the bulk of which is for optical communication. The great attraction of rare 
earth research is largely due to erbium which has an emission band around IS00nm 
to 1600nm; this region of wavelengths corresponds very well with the optical 
communication sectors. Larger bandwidth and long optical storage time make erbium 
favourable for optical communication devices. Telecommunications is not the only 
field interested in rare earth luminescence. Other areas such as fibre sensors, laser 
materials, display, data storage and many more also employ rare earths as their 
mediators. 
Rare earth ions are mainly divided into two groups: lanthanides and actinides. 
Lanthanide ions are the main focus in this work. Having an atomic number S8 
(Cerium), through 71 (Lutetium), lanthanides are commonly used as activators in 
crystalline hosts. Erbium (Er) [3.12], Holmium (Ho) [3.12, 13], Neodymium (Nd) 
[3.14] and Thulium (Tm) [3.1S], are some example of lanthanide ions that are 
common in the research field. These lanthanides, when incorporated into crystalline 
hosts, will either exist as bivalent (2+) or trivalent (3+) ions. Samarium (Sm) and 
Europium (Eu), are the only reported bivalent ions that exhibit luminescence. 
However, it is the trivalent ions that are the most stable and are widely suitable for 
optical devices. They are also most interesting. They are characterised by a basic 
electron configuration of 6s2 and Sd I and a progressive filling of the 4/ shell. The two 
that are in the rare earths' list which are not held by this rule are Europium (Eu) and 
Ytterbium (Yb) which do not have a Sd shell. Transitions between the 4/ energy 
levels are where most devices such as lasers doped with trivalent rare earth ions 
operate. The partial shielding of the 4/ electrons by its surrounding Ss and Sp 
electrons explains the richness of the rare earths' optical spectrum. The result of this 
effect causes the 4f - 4/ transitions of the rare earth ions to be relatively sharp, 
narrow and the emission highly efficient. Other consequences from this shielding 
effect are that the 4/ - 4/ transitions become free ion-like; electron to phonon 
coupling becomes weak in relation to different types of host, and has small host-
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induced splitting. The small splitting effect is due to the positions of the rare earth 
electronic levels which are greatly influenced by the spin-orbit interaction rather than 
by the applied host. Although the rare earth ions are relatively independent to the 
hosts, stark splitting and broadening are affected by the host material [3.16]. These 
rare earth ions produce emissions from the visible to the infrared region. 
3.3.2 Spectroscopy Characteristics of Er3+ and Yb3+ Ion 
Having an atomic number of 68, an atomic weight 167.3 and an electron 
configuration [Xe] 4/26i, [Xe] is the closed shell electronic configuration of xenon. 
Erbium on its own is a metal, but when doped into different hosts, will usually take 
the trivalent charge state of [Xe] 4fll. Er3+ has been extensively researched; due to its 
popularity in the area of optical amplification. This attraction comes from the 
411312-411512 transition (till = 6500 cm-I , at A. = 1.54p.m) which is in the third 
telecommunications window (termed as the ultra low-loss window) ranging from 
1450nm to 1600nm. Therefore, Er3+ doping can produce the optical amplification in 
this region, leading to devices with high gain, low insertion loss and a board 
bandwidth [3.17,18] which is highly desirable in all amplification systems. Another 
critical factor for Er3+ dominating in optical communications is its 4113/2 amplifying 
transition level. Due to the large energy gap from the next lower level (therefore 
permitting high population inversions within steady-state conditions and under the 
influence of a reasonable pump source) this state has a long emission lifetime. For 
GelP-silica and Silicate L22 fibres, when doped with Er3+, a gain as high as 20dB is 
attainable for the former and the latter has a lifetime of 14.5ms [3.19]. Erbium-doped 
fibre amplifiers (EDFA) have revolutionised the optical amplification industry 
making it possible to have long-haul optical communication. Er3+ is an important 
material used in the optoelectronics and this area of technology has been growing 
rapidly. Semiconductors like silicon and gallium nitride have also been used to host 
rare earth ions, particularly Er3+ ions. Er3+ doped crystalline silicon is able to produce 
emission at 1.5p.m but the time constant of the non-radiative energy back-transfer 
(microseconds) is much shorter than the Er3+ luminescence (milliseconds) [3.20]. 
This is due to the insolubility of the erbium ions in the silicon host. When Er3+ is 
doped in amorphous silicon, solubility is no longer an issue [3.21] and that greatly 
improves the luminescence. Gallium nitride doped with Er3+ is optically active in the 
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third telecommunication window [3.22]. The popularity of Er3+ led to the 
development of Er3+ doped fibre lasers at low-loss windows and it was reported that 
lasers doped with Er3+ have low-threshold, high-power and narrow-linewidth [3.23, 
24, 25]. Er3+-doped materials for high intensity sources (- 3J.lm) is applicable to by 
the medical field because the strong absorption at this wavelength by water. These 
lasers are able to penetrate skin tissue to just few micrometers, allowing precision 
incisions in the operating theatre [3.26]. Being an effective laser in the IR region, 
Er3+ and many other trivalent rare earth ions also show great potential to operate as 
upconversion lasers in the visible regions (red, blue and green) due to their energy 
level systems. Using the upconversion process in rare earth ions to generate coherent 
visible light has been investigated by many. When Y AIO) is doped with Er3+ [2.26], 
it is able to produce lasing at 550nm on the 4S3/2-+ 4115/2 transition which is in the 
green region. Similar lasing action at 550nm is observed in Er3+ doped YLiP4 [3.27] 
pumped with an SOOnm dye laser. The output power produced from these 
upconversion lasers consist of semi-random pulses of 80-150ns duration and is able 
to achieve average output lasing powers of 0.5 to 5mW. Having a fluorescent 
lifetime in the millisecond range, Er3+ doped silica composites or crystalline hosts are 
commonly used as temperature sensors. Excited by an infrared source, doped sensor 
probes are used to measure temperature changes by employing techniques such as 
fluorescence decay [3.2S, 29]. The range of temperature measured greatly depends 
on the host material. Silica composites have a lower melting point (-lOOOK) as 
compared to many crystalline hosts (for YAG -2200K). Significant changes in 
lifetime decay are observed when Er3+ of different concentrations is doped into silica. 
High content (4370ppm) doping produces a decay time of -4ms where lower content 
(200ppm) has a much longer decay time of -lOms [3.2S]. Er3+ has shown to be a 
good transducer in the area of temperature sensing and more could be explored in the 
area of thermometry. Figure 3.3 shows the schematic of the 4/ erbium energy level, 
of the free ion and in a solid host. 
Yb has an atomic number of 70, an atomic weight of 173, and an electron 
configuration of [Xe] 41461. Yb has a cubic structure, does not exhibit anisotropic 
optical properties and behaves a little like a transition metal. Yb3+ is found to be the 
smallest of the trivalent lanthanides. It has a simple energy level diagram of only one 
excited state manifold 2pS12 and a ground state manifold 2F7I2. These two manifolds 
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are the only two states in the 4ftransitions. The energy level of Yb3+ consists of three 
crystal field levels in the excited state manifold, and four at the ground state 
manifold. When Yb3+ (0.006 mol %) was first incorporated into silicate glass for 
application as a rare earth doped laser, absorption bands in the ultraviolet and 
infrared regions were observed: in the ultraviolet region, a weak peak at 31 Onm and a 
strong peak at 220nm are seen; and in the infrared regions, peaks appear at 914nm, 
946nm and 976nm. The 976nm peak in the absorption band was the strongest and 
had an absorption coefficient of 8 em-I. The emission band measurement shows that 
luminescence takes place at 1015nm when excited in the ultraviolet region [3.30]. 
When Yb3+ was doped into a crystal material such as YAG, the fluorescence 
emission fell at -1030nm [3.31]. Yb3+ is commonly used as sensitiser for other rare 
earth ions. Typically an Er3+ laser has relatively low output efficiency -0.1 % [3.32] 
and power output in the region of I1-W [3.33]. The solution to this is to co-dope with 
Yb3+. The first report of Yb3+ sensitized Er3+ was in a glass silicate laser. 15 wt% of 
Yb20 3 and 0.25 wt% of Er203 were doped in silicate glass which resulted in an 
increased upper laser population [2.18]. Since Yb3+ does not introduce additional 
absorption bands at 1.511-m when co-doped with Er3+ in silica fibres, it permits a 
healthy absorption at pump power wavelengths. Moreover, there will be 
inhomogeneous broadening of the Yb3+ 2F5/2 multiplet resulting in a wide absorption 
band, typically ±200nm centred around 930nm [3.34], which in tum allows for a 
wider range of pump excitation sources to be used [3.35]. Based on the fluorescence 
intensity ratio method, Yb3+ doped silica fibre temperature sensors proved to be 
reliable and were able to attain an accuracy of ±1°C, with an average standard 
deviation of 0.6°C, in the 20°C to 600°C temperature range [3.36]. It was observed 
that the 4Fsl2 __ 4F712 manifolds have three emission peaks at 916nm, 976nm and 
1030nm when a laser diode pump source at 8lOnm was used. When silica fibre 
sensors with dopant concentrations of Yb3+: 2500ppm were investigated in terms of 
the fluorescence lifetime decay, the work showed that the two 2Fs/2 levels at 916nm 
and 976nm had a lifetime decay of 35711-s and 87311-s respectively [3.37]. After an 
annealing process of lOOhrs at 700°C, it was shown that there was an increase in 
lifetime decay to 54811-s for the former and the latter to 91411-s. The advantages of 
using Yb3+ as a sensitiser also created an interest in co-doping it with Er3+ for optical 
sensors [3.38]. Er3+ + Yb3+ co-doped fibre sensors which had undergone thermal 
annealing demonstrate that the lifetime drift was lower when compared to fibres such 
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as Er3+, Nd3+, Tm3+ and Yb3+. Er3++Yb3+ co-doped Ah03 crystal fibres were used as 
thermometry sensors at high temperatures. Co-doping Yb3+ increased the energy 
transfer for Er3+ and this resulted in stronger intensity upconversion in the visible 
region of the blue, green and red [2.23]. Upconversion processes were observed 
when these rare earth ions were doped in Alz03 and were exploited an the intensity 
based temperature process [2.23]. This system witnessed a strong red emission, 4F9/2 , 
of the Er3+ ion which would be suitable for temperatures up to -1423 K and for the 
green, 4S312 , which was weaker would be suitable for temperatures up to -1323K. 
Figure 3.4 shows the schematic of the 4f ytterbium energy level, as a free ion and in a 
solid host. 
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3.3.3 Energy Transfer Between Ions 
Energy transfer between rare earth ions may occur in a fibre under the influence of 
an external source applied to it, for example a laser source. In some cases, more than 
one ion could be involved in this process contributing to either the absorption or 
emission of a photon. Considering first single ion processes, a simple description of 
this process is that absorption occurs when a photon is absorbed promoting an ion 
from its ground state to one of its excited states. When more than one ion is involved, 
this process changes. The level of concentration in the host naturally affects the 
probability of ion-ion interaction. Under low dopant levels, the ions are evenly 
distributed and the separation between each ion is relatively large in the host 
material. Increased concentration levels may result in clustering of the ion 
distribution and the distance between each ion is then greatly reduced. The smaller 
separation distance will encourage an increase in the ion-ion interactions and this 
may result in energy transfer. 
Sensitised luminescence is one of the common ion-ion interactions. This process 
involves a donor ion (sensitizer) and an acceptor ion (activator). When excited, the 
sensitizer transfers its energy to the activator followed by the emission of 
fluorescence. This process is common when Er3+ is co-doped with Yb3+. In this case, 
the Yb3+ is the sensitizer and Er3+ the activator. See Figure 3.5. In the case of a silica 
fibre laser, the absorption bandwidth of Er3+ at 411312 - 411512 is relatively narrow 
[3.34]. Co-doping with Yb3+ improves the performance by increasing the absorption 
cross-section. It then has a broad absorption band from 875 - lOOOnm which 
overlaps the Er3+ absorption band [3.34, 3.39]. When Yb3+ is excited with a pump 
source within its absorption band, it is promoted from the ground state level 2F712 to 
the 2Fs12 manifold, this energy can be then be transferred to the 411112 manifold of the 
Er3+ and followed by a non-radiative decay to the 411312 lasing level of the Er3+, 
resulting in emission. 
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When an ion is excited, part of its energy can be transferred to a neighbouring ion. 
This process is known as cross relaxation. Such a process is common in Nd3+ doped 
materials [3.19,40]. When an ion from the ground level 41912 of Nd3+ is excited to the 
4F312 level, part of its energy is transferred to a nearby ion when both of the ions have 
a similar energy gap. See Figure 3.6. A quick non-radiative decay to the ground state 
takes place for both ions from the 411512 state since the energy levels near the ground 
state are very close [3.19]. 
Upconversion processes are another form of ion-ion interactions. These processes 
can be classified into cooperative energy transfer upconversion, sequential two-
photon absorption upconversion, and photon avalanche upconversion. Upconversion 
is form of energy transfer in which the emission wavelength is shorter than the 
absorption wavelength. A brief account of the three upconversion processes will be 
illustrated in the section below. For simplicity, a basic three-level scheme will be 
used to describe each process. Two extra metastable levels, 2a and 3a, are added into 
the three-level system for a more accurate representation of a typical rare earth 
energy level. 
In cooperative energy transfer upconversion, the mechanism of the energy transfer in 
a singly doped crystal and co-doping with another ion is slightly different. As 
mentioned in the earlier section, Yb3+ is commonly used as the sensitiser because of 
its simple energy level configurations which only has one excited state with its large 
absorption cross section at about IJLm. Singly doped rare earths, other than Yb3+, 
have an intermediate metastable state. That is where a photon is absorbed, followed 
by non-radiative relaxation. When excited by a pump source, the donor ion and 
acceptor ion, responding to the photon wavelength, each absorb a photon and is then 
promoted to the intermediate metastable level (level 2a). See Figure 3.7. For the 
donor ion, the population in level 2a will experience a rapid non-radiative decay to 
its metastable level (level 2). At level 2, the donor ion can either decay radiatively to 
the ground state (level I) or its energy will be transferred to the acceptor ion. For the 
acceptor, the energy transfer will aid the ion in level 2 to be promoted to the next 
intermediate metastable level (level 3a). The population accumulated in level 3a 
quickly decays to level 3, followed by a radiative transition in the visible. In the case 
ofYAG:Er3+ [3.41] (see Figure 3.8a for schematic) strong absorption is observed for 
the 411512-419/2 transition and emission from the level 4S3/2 (green region) is evident 
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when an excitation source of the infrared region IS used corresponding to its 
absorption band. The upconversion is initiated by promoting the donor ion (Er3+-0 
and the acceptor ion (Er3+-2) from 4115/2 (level 1) to the intermediate metastable level, 
419/2 (level 2a), followed by a rapid non-radiative decay to 411112. Interaction between 
the two causes the acceptor ion to be further promoted to the next state, 4F712 (level 
3a). The metastable state 4S3/2 (level 3) is quickly populated by non-radiative 
transitions from the 4F712 state and upconversion fluorescence then takes place at a 
wavelength of 560nm. The cooperative energy transfer upconversion mentioned in 
Y AG:Er3+ can repeat several times with the same acceptor, where the number of 
repetitions is dependent on the number of intermediate metastable states and 
metastable states in the acceptor. BaYF5:Er3+ [3.42] has shown very efficient 
upconversion of 1.5Jlm radiation into visible wavelengths. This multi-step 
cooperative energy transfer upconversion process involves two Er3+ ions as a donor 
and an acceptor. Under the radiation source of 1.5Jlm at room temperature, 
BaYF5:Er3+ produces upconversion fluorescence from the near infrared to the visible 
regions. See Figure 3.9. Energy transfer steps at 1-2-3-5-6 are observed. When the 
two Er3+ ions are excited, both the donor and acceptor ions are promoted 
simultaneously to the 4113/2 level. The acceptor is then excited to 419/2. followed by a 
non-radiative decay to 411112 by energy transfer from the donor ion which results in an 
emission at 990nm. Subsequent emissions in the system are of similar manner. Er3+ 
doped phosphors exhibit similar multi-step cooperative energy transfer upconversion 
and the energy transfer steps are at 1-2-4-6 [3.43]. See Figure 3.9. 
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Co-doping upconversion has being extensively investigated through the years. Much 
of it was done with Yb3+ as a 'sensitiser' or donor. The excited state, 2Fs/2, matches 
the energy level 411112 in Er3+ making it a desirable sensitiser for Er3+. When excited 
with a pump source the ions from the 2F712 ground state are excited to the 2Fs/2 state 
and by cooperative energy transfer, the energy of the ions from the 2Fs/2 state are 
transferred to the Er3+. Another of the Yb3+ ions promotes the Er3+ from its first 
excited level to its metastable state, 411112. Both the second Yb3+ ion from the 2Fs/2 
state and Er3+ ion in the metastable state through cooperative energy transfer, further 
promotes the Er3+ ion to the 4F712 state. The emitting state, 4S3/2, is rapidly populated 
by non-radiative decay from the short lived 4F712 state. See Figure 3.10. 
Upconversion fluorescence in the green region (550nm) is observed when Yb3+ + 
Er3+ are doped in BaY2Fs [3.44]. The process of cooperative energy transfer 
observed in BaY2Fs doped with the sensitiser and the acceptor is as mentioned 
above. 
A few main factors affect the efficiency of cooperative energy transfer upconversion 
between ions. Firstly, the dipole to dipole interaction strength varies as 1/r6, where r 
is the distance between the two ions. lon-to-ion separation must be extremely small 
before energy can be effectively transferred, thereby enhancing the efficiency of the 
upconversion. Secondly, this small separation distance between ions suggests the 
need for a high concentration of rare earth dopant. The third factor is that high 
intensity pumping is essential for energy transfer within the system. This is where 
energy migrates between donor ions within the crystal lattice before locating an 
acceptor [3.44, 45]. The resulting effect may lead to energy migration where the 
excited ion would transfer its energy to the ground state by non-radiative decay. In 
most cases regarding rare earths in crystals, exponential decay in the transition 3 ~ 1 
is apparent, but when non-exponential decay occurs, it signifies that the donor-
acceptor pairs density distribution across the crystal are not consistent [3.44]. 
The next upconversion process is sequential two-photon absorption upconversion. In 
this process, two excitation sources are required. See Figure 3.11. Photon 'a' excites 
the ion from level 1 to level 2a. It experiences a rapid relaxation occurring through 
multi-phonon non-radiative decay from the intermediate metastable level 2a to the 
next lower level 2. In this level, there is a possibility of multi-phonon non-radiative 
decay to level 1. However, the occurrence of non-radiative transitions is unlikely 
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because of the large energy gap between levels 1 and 2 [3.44]. Before the ion, decays 
to level I, photon 'b' is absorbed and the ion is excited to level 3a. Non-radiative 
decay from this level then populates level 3. Visible emission with wavelengths 
much smaller than the two pump wavelengths are observed from transition 3 --. 1. In 
most rare earths the storage time at level 3 is -lOOlls which also has a high emission 
cross-section from this level to the ground level [3.44]. In experiments with 
Y3AIsOI2:Er3+ [3.41], two lasers at S12.9nm and 63S.6nm can be employed to 
produce upconversion fluorescence at 560nm. See Figure 3.Sb for energy diagram of 
Y3AIs0I2:Er3+. Tuning the first laser to its optimum wavelength (SI2.9nm), excites 
the first ion from the 4I15/2 to 4I9/2 state, rapid non-radiative relaxation to 411312 is 
observed. Before decaying into 411512, photon 'b' is absorbed (63S.6nm) promoting 
the ion to a high lying excited state, 41912• The ion is then induced to 4F512 which 
quickly experiences a non-radiative decay to the 4S3/2 state. Transition from this state 
to the 4115/2 exhibits a fairly strong emission at 560nm. When the red laser is blocked, 
green emission is still evident due to cooperative energy transfer upconversion. 
However, the intensity of the transition at 560nm drops by a factor of 20. 
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The most efficient amongst the three upconversion processes discussed in this work 
is photon avalanche upconversion. There are three prominent characteristics that are 
found in this process, the first being a well-defined intensity threshold. Secondly, 
rapidly increasing absorption and an increase in fluorescence from the upper excited 
state by many orders-of-magnitude is evident when the pump power is increased 
above threshold. Thirdly, this process is strongly dependant on pump intensity: 
response time is longest for pump intensities just slightly above threshold [3.46]. The 
process in this system starts off by absorption from an excited state. Prior to applying 
any excitation source to the system, an assumption is made that the donor ion is at 
the level 2 metastable level, and the acceptor ion is at level 1 (ground state). See 
Figure 3.12. For the donor ion to be in level 2 it is assumed to be due to non-resonant 
absorption by a pump photon. A pump photon is then resonant with the transition 
between the 2 and 3a states and, in this case, not with the 1-+2a transition. Upon 
excitation, donor ions in level 2 will be promoted to level 3a followed by rapid non-
radiation relaxation to level 3. In the last two processes, radiative transitions 3-+ 1 
will occur in the form of visible emission. At the same time a non-radiative decay 
from 3-+2 can occur where part of the energy is transferred to a neighbouring 
acceptor ion. Such energy transfer is commonly known as cross relaxation. The 
acceptor ion is then promoted into level 2. The sharing of energy between the two 
results in having a pair of ions in the metastable level. At this point, the two ions are 
ready for further absorption of the pump source. This increasing process, from one to 
two ions, is due to absorption and subsequent energy transfer at the metastable state, 
level 2, and is the foundation of the photon avalanche upconversion process. More 
ions can start to populate this level under a sufficiently strong pump, with the initial 
one to two ions, it can increase geometrically from 1 to 4, 4 to 8, and so on. In the 
case of Er3+:YAI03 lasers [3.47], non-resonant absorption promotes ions from the 
donor ion metastable state 4115/2 to 4113/2, which has a radiative lifetime of 7.2ms. In 
this work [3.47], optical excitation wavelengths between 787nm and 796nm were 
used to resonate with the transition between the 4113/2 and 4F9/2 states. Through 
absorption, the ion in the metastable state can then be promoted to the 2HII/2 state, 
where relaxation to the 4S3/2 is rapid and upconversion fluorescence is emitted at 
549.8nm. Figure 3.13 shows the avalanche process, where energy transfer takes place 
between the 2HI1I2 state of donor ions and the acceptor ion in the ground state. Part of 
the energy from the donor ion is then transferred to the acceptor ion through cross 
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relaxation, in tum promoting it from the ground state to the 4113/2 state. Donor ions 
will then relax to 419/2• From this state, it will subsequently relax to its metastable 
state, 4113/2. The process repeats itself again, now having two ions in the metastable 
level, and absorption from the optical excitation will then promote them to the 2HII/2 
state where rapid non-radiative relaxation to 4S3/2 is followed by upconversion 
emission in the green. The number of ions in the metastable state, because of 
absorption and subsequent energy transfers, will continue to increase geometrically. 
However, the photon avalanche upconversion process will only occur when it is 
above the pump threshold power. The requirement for this process to occur is when 
the rate of population is faster then the metastable state lifetime. 
Considering the various processes, a few issues need to be considered while working 
with these processes. One of which is loss in the system. Excited state absorption 
(ESA) is not desirable, especially in an amplification system. This happens when an 
ion in the excited state is promoted to an even higher state by resonant absorption. 
Both in amplification and upconversion processes, Er3+ ions are usually promoted to 
intermediate metastable states, and usually these states are populated before 
amplifying or lasing transitions. One way to reduce ESA is to choose the correct 
pump source. Using a pump source at 800nm [3.19, 29] weakens the ESA process. 
Although two photons are produced first by ground state excitation (GSE) and ESA, 
only one ion is excited to 419/2. In contrast, when pumping at about 980nm in a region 
that is free from the pump ESA, no ESA is observed in Er3+ doped glass [3.19, 29]. 
In any system, unwanted radiative transition/decays are not desirable, and non-
radiative relaxation is another mechanism that will reduce the efficiency of the 
system. For example, the metastable 4113/2 level could experience rapid non-radiative 
multi-phonon decay to the ground state which greatly reduces the intensity and 
decreases its fluorescence. The process is caused by the interaction between the 
electrons and the lattice of the crystal [3.48]. Concentration quenching is also 
detrimental. It reduces the quantum efficiency in the ion. This happens when the 
dopant concentration is high and a clear signature that concentration quenching is 
present is when the lifetime at the excited states shortens. When calcium 
metaphosphate Ca(P03h glass is doped at lOmol% Er3+, its decay time is as low as -
200p.s from the 4113/2 level whereas at O.lmol%, its decay time is - 4ms [3.49]. 
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The general considerations when working with Er3+ ions are briefly mentioned 
above. The concentration level chosen greatly depends on the application. In the area 
of telecommunication systems, high dopant levels are never desirable because it 
greatly reduces efficiency. 4113/2 is the metastable state in which Er3+ is at the 
transition level producing gain around 1500nm which is the optimum 
telecommunication wavelength. Therefore, any processes other than the stimulated 
emission into the optical signal will reduce the efficiency of the amplification 
system. Its pump wavelength, host, as well as dopant concentration have a significant 
role in this system. Although upconversion processes are never desirable in the 
telecommunication industry, they have been found to be of great interest in other 
areas. Er3+ doped laser emissions in the visible regions through upconversion 
processes are one of the many that have drawn great interest. The section above has 
succinctly demonstrated that there is great potential in Er3+ and investigation in this 
field has yet to come to a state of exhaustion. 
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4 Single Crystal Fibre Growth 
4.1 Introduction 
In Chapter 2, a short discussion was made on the existing techniques available for 
growing SCFs. As mentioned, the choice of technique employed greatly depends on 
the physical and chemical properties of the material that is required to be grown. One 
might reasonably consider that perhaps the most versatile growth technique is Laser 
Heated Pedestal Growth (LHPG). The advantages of this technique make it suitable 
for the current work where small, quick and low cost fibres are required for 
characterisation and applications studies. In this chapter, discussions will be made on 
the overview of the LHPG method, preparation procedures, growth processes of 
different materials, polishing of grown fibres and lastly, the 'finished' fibres. 
4.2 Laser Heated Pedestal Growth (LHPG) - The Technique 
One of the reasons for the extensive range of materials that can grown using this 
method is its ease in material preparation. Source materials can be in various forms. 
There are two common methods in the preparation of source materials. The more 
convenient way to grow SCFs is from bulk or poly-crystal materials [2.57]. They are 
usually cut or ground into either cylindrical or square rods. Since this method of 
preparation is quick and easy, it is good for rapid investigation and development of 
novel devices. The second form of preparing source materials is from a 
stoichiometric mixture of constituent powders [3.7]. These powders are pressed into 
pellets by either hot or cold pressing and after which, are cut into the required 
dimensions for growth. The only setback of the latter preparation method is that the 
pressed powder might not be sufficiently dense. This can result in bubble formation 
in the melt during the growth. The advantages are that dopant can be incorporated 
into the source material easily and evenly, provided the powder is thoroughly mixed. 
Vapour deposition, painting or dip coating can be used to apply dopant on the surface 
of undoped crystalline rods. However these methods of doping do not allow for good 
control over the dopant concentration because it is difficult to correlate the thickness 
of coating on the rod or the number of dip coatings to a specific dopant concentration 
level. 
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LHPG employs a laser as its heat source. The arrangement of laser heating can have 
various configurations. Different forms of beam-shaping optics are used to either 
create two or more opposing beams which can be adjusted independently, or an 
annular symmetric beam which is used in this work (see Figure 4.1). Multi-beam 
heating can be employed for LHPG but for better thermal uniformity, an annular 
beam is recommended [4.2]. Using a laser as a heat source can provide a clean 
radiation and the great availability of appropriate lasers makes it possible to grow 
materials with high melting temperatures. Due to the large temperature gradient 
between the solid and liquid interface, it is possible to pull fibres at high rates. 
Phomsakha [4.3] was able to pull sapphire fibres of good optical quantity at speed as 
high as 20mmlmin, much faster than the typical growth rate of Immlmin. The ability 
to achieve such speed was attributed to the beam shaping optics and growth SCFs 
under an inert gas environment. It was further reported by Feigelson [2.50] that 
sapphire using LHPG can be pulled at a rate of 40mmlmin. However, due to 
supercooling internal scattering defects were evident in fibres grown at this rate. 
Since Nightingale [4.4] pulled sapphire at 8mm1min, compared to Feigelson at 
40mmlmin, the speed of growth has been a factor of concern for the purpose of high 
tum over and the one major advantage of LHPG in material development is that it is 
able to produce fibres at high pull rates. 
Another advantage of LHPG is the capability to grow fibres of very small diameters. 
Fibres with small diameters minimise the possibility of internal crystal defects [2.16]. 
Feigelson [3.1] explained that the dislocation density of crystals with small diameters 
best fitted the Tsivinsky relationship [4.5] of 
(4.1) 
where N is the dislocation density per unit area, a and b are the coefficients of linear 
thermal expansion and Burgers vector of dislocation respectively, 'VT is the 
temperature gradient in the melt, fer is the critical shear stress, G is the shear modulus 
and D is the crystal diameter. From the equation, as D becomes smaller, the second 
term becomes larger hence reducing the dislocation density or defects present in the 
fibre. Since the diameters throughout the growth process in LHPG remain constantly 
small, applying the Tsivinsky relationship would indicate that there will be a very low 
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defect density in the fibres. LHPG should therefore be able to produce good quality 
fibres. In the area of material research, the cost of materials can be a setback. 
However, LHPG requires a very small amounts of source material. The fibres 
produced are small and that can reduce excessive cost incurred in the research 
programme. 
There are, however, some problems associated with this technique. Firstly, it is 
extremely difficult to grow materials with highly volatile melts or melts that exhibit 
excessively high vapour pressure. An example of such material with high vapour 
pressure is Gd)GasOJ2 (GGG) garnet. During growth under atmospheric conditions, 
gallium (Ga) evaporates from the melt [4.6]. A solution to this problem is to increase 
Ga content excessively in the source rod [4.7]. In all growth mechanisms, the heat 
source plays a vital role. When a laser is used as the heat source, two elements must 
be looked into. Firstly, the melting temperature of the materials dictates the required 
power of the laser and secondly, the laser's emission wavelength must be observed. 
This is another limitation of this technique. In order to produce a stable molten zone 
for the material to be grown, its absorption of the laser radiation is essential. 
Fortunately, in this work, the materials that were grown have a good absorption at 
1O.6p.m [2.16]. LHPG is capable of growing fibres of diameter ranging from 10-
2000llm [4.1]. However, fibres with large diameters grown using the LHPG proved 
difficult due to the steep temperature gradients (dT/8x) that generate large amounts of 
thermal stresses. The results of these stresses are strains and cracks in the fibres. 
Small diameter fibres have few defects, but characterising them proves to be 
difficult. Therefore, the recommended fibre diameter should fall in the range of 500-
2000llm for desirable characterisation measurements [4.1]. 
The most challenging problems of this technique is to maintain a consistent fibre 
diameter throughout the growth process. For the use of fibres in optical applications, 
diameter uniformity is crucial in minimising transmission losses. Scattering losses 
are mainly due to diameter variation [4.8]. Therefore, a closed loop system based on 
monitoring the constancy of the diameter of the fibre during the growth is an added 
advantage. The development of this closed loop system for diameter monitoring 
could be incorporated into the present LHPG method used in this work in the near 
future. A good model for this system can be found in reference [2.15]. 
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4.3 Laser Heated Pedestal Growth (LHPG) - The System 
The LHPG system in this work is modelled after Stanford University [2.15]. It 
consists of a CO2 laser, gold plated elliptical mirror at 45°, a reflaxicon, a parabolic 
mirror and pull/feed mechanisms. The beam from the laser is generally expanded by 
4 gold coated mirrors before being directed into the other optics on the optical table. 
See Figure 4.2 for a schematic of the LHPG system. The section below is a brief 
introduction of the apparatus used in the LHPG method. 
4.3.1 Heat Source - CO2 Laser 
The heat source in any growth system plays an important role. The shape of the melt 
is greatly determined by the stability of the heat source supplied to the melt zone. It 
is therefore important to ensure the stability of the heat source during the growth 
process. The diameter of SCF grown is greatly influenced by the molten zone shape 
and this shape is determined by the temperature distribution throughout the molten 
zone where the temperature stability is established by the laser's power stability. 
Therefore, to achieve fibres with consistent diameters throughout the fibre length, 
laser power fluctuation should be kept to a minimum. Figure 4.3 shows the CO2 laser 
used in the system from Synrad, Inc Series 48. It has a maximum output power of 
33W. See Figure 4.4. The output power from the laser is controlled by Synrad, Inc 
UC-WOO laser output controller. Its closed loop operation is able to stabilise the 
output power to approximately ±2%. The output power is controlled by a thermopile 
detector mounted at the side of the CO2 laser and approximately 8% of the output 
power is directed to the detector. One of the reasons this laser was chosen is because 
the laser, unlike conventional C02 lasers, is a sealed gas waveguide laser. Therefore, 
it is free from any jitter which is commonly caused by irregular gas flow. To further 
prevent power fluctuation, the laser was allowed to warm up for half an hour before 
the growth process. Experiments were carried out to determine the stability of the 
laser's output power at different input voltages over a period of 3 hours. From Figure 
4.5, it was observed that at higher power, the laser was not as stable compared to the 
lower power. It can also be seen that the fluctuation at high power took a longer time 
to stabilise. These fluctuations observed were still within the ±2% of the laser power 
output controller specification. 
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Figure 4.4 - CO2 laser power 
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4.3.2 Optics 
In this system, the optics used can be classified into two sections. One is the viewing 
optics and the second is the C02 and helium-neon laser focusing optics. In the order 
to position the source rod/fibre with respect to the fixed CO2 laser focal point, proper 
viewing optics are required. See Figure 4.6. Two Ix microscope objectives (MO) are 
placed in the growth chamber and two microscope eyepieces, to view the growth 
process, are placed on the outside of the chamber. A mirror is mounted behind the y-
axis MO to reflect the light into the y-axis viewer. With these, the x-y positions can 
be easily controlled. Two adjustable polarisers are attached to the front of the 
eyepieces to reduce the viewing intensity during growth. 
The C02 laser focusing optics consists of four mirrors, a reflaxicon, an elliptical 
mirror and a parabolic mirror in which all of the optics used are gold coated. The 
four mirrors are to direct the beam from the C02 laser through a ZnSe window and 
into the reflaxicon. These mirrors are used to expand the beam size from the CO2 
laser by allowing the beam to travel over a distance. This beam is then delivered into 
the reflaxicon where there are two axi-centric spherical cones. The smaller cone is 
used to split the incoming beam into a larger circular ray and the larger cone is used 
to deliver the 'hollow' Gaussian beam (see Figure 4.7), onto the elliptical mirror. The 
annular ray is focused to a small spot (-22~.lm) by the parabolic mirror. Fibres with 
diameters as small as -130~m have been grown. Figure 4.3, 4.7 to 10 shows the laser 
focusing optics. As for the guiding He-Ne laser, a beam combiner is used just before 
the C02 laser, see Figure 4.3. This channels the visible beam onto the path of the 
C02 laser beam. 
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Figure 4.8 - Reflaxicon used in LHPG 
Figure 4.9 - Elliptical mirror used in LHPG 
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Figure 4.10 - Parabolic mirror used in LHPG 
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4.3.3 Fibre Feed and Pull Mechanism 
A large portion of the molten zone stability depends on the feed and pull 
mechanisms. Fluctuation occurring in the growth velocities will lead to an unstable 
molten zone and the fibres grown will contain striations. In order to maintain a stable 
molten zone shape, velocities of the pull and the feed mechanisms must be free from 
fluctuation. Therefore, the above concerns are taken into careful consideration when 
designing and building this system. 
The feed mechanism comprises of a miniature pin chuck, a 5mm diameter stainless 
steel rod, a unislide, a gearbox and a DC motor. The miniature pin chuck, with four 
retaining jaws, was used to hold the source rods. The source materials were firmly 
held in the chuck by rotating the cylindrical catch at the end of it clockwise. See 
Figure 4.11. Care was taken to ensure that the materials were aligned parallel to the 
feed/pull directions. The pin chuck was then attached to one end of a stainless steel 
rod. This rod was attached to carriage slider of the unislide where its movement is 
restricted to vertical motion by two precision machined holes located at the top and 
bottom of the unislide. See Figure 4.12. The unislide, (Time & Precision model 
A1506V), has an effective stroke of 114mm and a leadscrew of pitch 0.5mm. The 
vertical translation of the unislide was controlled by a precision gearbox of 320: 1 
reduction ratio from RS Components and a high precision DC motor from Physik 
Instrumente model C136.1D. The DC motor operates at its mid-operating speed and 
the reason for this was to minimise velocity error [2.57]. Investigation by Seat [2.57] 
on this system shows that the effective useful range of the unislide was 
approximately 70mm. Within this stated range problems associated with friction, 
generated by the moving carriage slide, will be avoided. 
The pull mechanism does not have a miniature pin chuck. It was removed and 
replaced with a single 5mm diameter stainless steel rod. In the previous design, the 
pull mechanism consisted of only a miniature pin chuck which was attached to the 
carriage slider of the pull mechanism's unislide. One problem encountered was 
ensuring parallel alignment during the growth process. The present modified design 
reduces the problems encountered. One end of the stainless steel rod has a v-groove 
cut for holding the seed fibre. The fibre is clamped in place and the v-groove allows 
the fibre to sit parallel to the growth direction. The two precision machine holes were 
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made at the end of unislide to improve the parallel translation during the growth 
process. The unislide, (Time & Precision model AI512K), had a length of 266mm 
and leadscrew of pitch Imm. The effective usable length was found to be 
approximately 236mm. The vertical movement was generated by a gearbox with a 
reduction ratio of 80: 1 from RS Components and had a similar dc motor as the feed 
mechanism from Physik Instrumente model C136.1O. The motor was also run at mid-
operating speed for the reason of reduction in velocity error. See Figure 4.13. 
Commonly stepper motors are chosen for use with computer control. However, for 
this work it is inappropriate because it would not provide a smooth translation during 
the growth process. The two dc motors employed for this work have blacklash-free 
gearboxes and have a maximum speed of 3.3 revolutions per second with a stated 
resolution of 0.006 degrees per pulse. A two channel dc motor controller card from 
Physik Instrumente model C842.2 was used so that the motors can be controlled from 
the computer. The motors attached to differential encoder drives registered a 
maximum speed of 195600 pulses per second and when operating at mid-range, had 
a speed of approximately 90000 pulses per second. In this range, the pull rate could 
go as high as 3mmlmin. A frequency counter (RS Component model 5001 Universal 
Counter Timer) was used to observe the velocity reduction in the pull/feed motors. 
The final pulled fibre diameter was governed by equation 3.1 which is the mass 
conservation equation. From the computer software, the user can specify the required 
diameter reduction ratio between the source and fibre, and also the pull rate 
velocities. Using equation 3.1, the computer then calculates the feed rate. Finally, 
both the feed and pull mechanisms are sat on two cross-stacked, side driven linear 
positioners to control its x-y translation. With this, alignment of the seed/source 
materials to the laser was made possible. 
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Figure 4.11- Miniature pin chuck 
Figure 4.12 - Feed mechanism 
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Figure 4.13 - Pull mechanism 
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4.3.4 Fibre Growth Chamber 
The chamber is made up of transparent polycarbonate in the shape of a rectangular 
box, approximately 530 x 425 x 425mm, with an aluminium cover. Within, the 
chamber it is divided into two levels. The top level is where the two viewing lenses, 
the parabolic mirror, plane elliptical mirror and reflaxicon are located and on the 
lower level sits the feed mechanism. The pull mechanism is mounted on the top of 
the Growth Chamber. See Figure 4.14. The growth process of the crystal takes place 
within the confines of the chamber. Its acrylic walls prevent stray CO2 radiation that 
might be present during the growth process. The chamber not only provides a 
contamination free environment for growth, it also prevents unwanted cooling air 
currents from the surroundings that will affect the uniformity of the fibre diameter in 
the growth system. The design allows the partial evacuation of the air in the chamber 
and could be back filled with inert gases which aid the growth of materials with 
melts that behaves incongruently. All crystals that are mentioned in this work are 
grown under normal conditions, which is without the introduction of any inert gas 
and are grown under atmospheric pressure. 
4.3.5 Optical Table 
All the equipment used in the LHPG are fixed onto an optical table (Newport model 
RS3000TM). The table itself is mounted onto four vibration isolators since it is 
impossible to create a totally rigid body which does not change in shape and size 
under the introduction of a force contribution through vibration. Therefore, isolators 
are used to limit all possible vibrations that might be introduced from the 
surrounding environment. If this high frequency noise is not prevented, it will be 
translated into the melt of the crystal. Although all the external vibrations can be 
limited or likely removed with these isolators, the vibration from the pull and feed 
mechanism can not be eliminated. Very small amounts of vibration are produced 
from these two mechanisms, with each have a high gearing ratio gearbox attached to 
them. With the gearboxes, vibration is further reduced to a reasonable amount. The 
re-circulating cooling system of the C02 laser is placed outside of the growth lab so 
that its vibration would not adversely affect the growth process. The circulating 
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water from the chiller to the laser through the cooling tubes may also contribute a 
tiny amount of vibration. 
4.3.6 Growth System's Control Software 
The choice of implementing computer software control over hardware control was 
due to its flexibility in integration and manipulation of growth parameters with ease 
and also the ability to incorporate a feedback control system. In the area of crystal 
growth, be it from melt, bulk or fibre, there are many parameters of consideration. 
Therefore, monitoring these parameters is extremely important. These parameters 
include melt shape, melt volume, growth rate of the crystal and the heat source. 
Constant melt shape and volume are greatly dependent on the feed rate, pull rate and 
the heat source. To achieve high quality fibres, it is important to monitor and control 
these three parameters closely. Another advantage of using computer control is that it 
caters for future expansion. If the need arises for additional components or features, 
it can be easily and quickly modified. At the present, the software for the growth 
system is written in Delphi and the computer used has Microsoft Windows NT as its 
operating system. The software allows the user to control parameters such as the 
pull/feed rate and diameter reduction ratio which are the most important in the 
growth process. The user is able to key in the pull rate and the reduction ratio and the 
last parameter is automatically calculated by the programme. The programme was 
also written to monitor the fibre length grown and time taken for growth. Other 
monitoring features include the pull and feed rate where the speed of both is recorded 
for future analysis. The positioning of x-y axes could be controlled manually by the 
x-y control box or can be controlled by the computer. Laser power monitoring is also 
integrated into the system. The system is also able to vary the diameter of the fibre, 
for example producing tapers at the end of the fibre for sensing application and 
sinusoidal variation which can be used in either Bragg reflector or long period 
gratings. The pull and feed motors are in closed loop control. Diameter monitoring is 
an open loop system. 
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Figure 4.14 - Fibre growth chamber 
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4.4 Growth Processes 
The objective in this work is to grow fibres of sufficient length to be characterised 
and with the knowledge from the characterisation thereby use the fibres for different 
applications. The reason why SCFs were chosen in this work was because of the high 
temperature resistance of certain crystalline materials. SCFs produced with high 
crystalline perfection have a tensile strength that is close to the theoretical maximum 
[4.1]. Since SCFs have a minimal chemical segregation, grain boundaries therefore 
are eliminated and this in tum reduces the dislocation densities. The three materials 
that have been grown for this work are Y3Al5012, Y203 and Ah03. Each material has 
unique features. More in-depth discussions on each material will be made in 
subsequent chapters. In this section, the discussion consists of preparation processes 
of the materials, the growth of the different materials, polishing of the materials and 
discussion on the final products. 
4.4.1 Preparation of Source Rods 
In any growth process, starting materials are required in order that the crystal can be 
produced. In the case of LHPG, source materials usually come from cut bulk single 
crystal or cold pressed powder. In this work, both of these are employed. The former 
is the easier to prepare compared to the latter. Few fibres were produced from the 
former because it is expensive. 
Cr3+:Ah03 fibres are the only fibres that were produced from the bulk material. Two 
processes were required in order to produce the source rod required for the growth. 
- The first process was cutting from the bulk crystal. The bulk ruby was mounted onto 
a ceramic tile secured with wax and then this assembly was screwed to an X-Y 
attachment table of the Ultras lice 2000 Precision Saw (Ultra Tec Manufacturing, 
Inc.). A diamond metal bond sintered blade was used to cut the bulk ruby to a 
manageable size. One problem encountered was that it was very difficult to cut the 
crystal to the shape of a rod. The source rod that was required should approximately 
be 0.9 x 0.9 x 15 mm. The reason for this size was because the miniature pin chuck 
was not able to clamp anything larger than this dimension. The specified dimension 
was too small for the Ultraslice to produce since during the cut, the bulk ruby would 
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fracture into small pieces impossible to be used for growth. Therefore a grinding 
(second) process was introduced. The rod of 5 x 5 x 15 was cut with Ultraslice and 
then was mounted onto Ultrapol (Ultra Tec Manufacturing, Inc.) to be ground. The 
source rod was ground to the approximate dimension with a silicon carbide grinding 
paper grit size 1200 (Ultra Tec Manufacturing, Inc.) 
The second method of producing source materials was from cold pressing. The 
required amount of oxide materials and rare earth dopants were weighed and 
thoroughly mixed. Table 4.1 shows the mixed content of the oxide materials and rare 
earth dopants used in this work. Both the oxide and the rare earth dopant(s) were 
weighed in a 60ml glass cap bottle and a metal stirrer was used to mix the two 
compounds that were in glass bottle homogenously. The 'stirrer process' lasted for 
no less than 10min. The mixed oxide and dopant(s) were then placed into a 15mm 
diameter die from Medway Optics Ltd. The die is then subjected to a cold pressing 
loading of 15 ton by a manual hydraulic press (Fluxama model PR-25). 15mm pellets 
of thickness of -lmm were produced. The conditions of the pellets produced 
depended on the material. Y 203 produced the most robust pellets and the was easiest 
to handle. Second was Y3AIs012 followed by Ah03. The last was the most fragile, 
therefore binder (Fluxana - Lico Wax) was added to the mixture to aid in holding the 
powers together. The ratio of Ah03 to binder was 4: 1. Table 4.2 shows the amount 
of binder used in the mixture. See Figure 4.15 for pellet. Y3AhOl2 pellets were 
formed from the mixture of Y203 (0.342g) and Ah03 (0.258g). One of the 
applications of interest in this work is in the area of optical sensors. For this kind of 
SCP, only the tip is doped with rare earth(s). In order to prepare the source rod for 
such fibres, the pellet produced would be different from that described above. See 
Figure 4.16. One half of the pellet is white while the other is pinkish. The half that is 
white was without any dopant whereas the other half was doped with rare earth(s). 
To produce this kind of pellet, first the die was separated into half by a thin metal 
brass plate of 15 x 40 x 0.5mm. One half was filled with oxide without dopant while 
the other was with dopant(s). The brass plate was removed and was then pressed as 
before producing pellets that have dopant(s) on only one side. See Table 4.3 for 
pellet contents. 
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Figure 4.15 - Pellet pressed from 15mm die 
Figure 4.16 - Pellet (Y 3Als012:Er3+) used for sensory 
application with one side doped (pinkish) with rare earth and 
the other without doping (left) 
Figure 4.17 - Square rod cut from pellet. 
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Table 4.1- Rare earth content in each material 
Materials 
Oxide: Dopant 
Rare Earth Content 
mol% 
59,6,3.1,0.3,0.06,0.03 
15,10,5,1,0.5 
1+1, 1+2,1+3 
5,4,3,2, 1,0.5,0.1 
Table 4.2 - Binder amount used in Ah03 
Ah0 3: Er3+ 
(mol%) 
5,4,3,2, 1,0.5,0.1 
Pellet Weight 
(g) 
6 
Binder 
(g) 
1.5 
Table 4.3 - Pellets for sensor applications 
Materials 
Oxide: Dopant(s) 
Rare Earth Content (mol%) 
(on the side of with dopant) 
2 
2 
2+5 
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In the initial stage, pellets pressed were sintered at 1100°C for a period of 24hrs in a 
horizontal furnace (Carbolite Eurotherm model MTF 12125125) but this process did 
not significantly improve the strength of the pellet, hence all pellets subseqeuently 
pressed did not go through this process. These pellets were then cut into square rods 
of 1 x 1 x 15mm with the Ultraslice. It was impossible to cut it smaller than this 
because the rod would break into small pieces or return to it powder form. In order to 
have smaller rods, the cut rods were ground down by hand using a silicon carbide 
grinding paper grit size 1200. The smallest rod that can be achieved without 
destroying it was -0.8mm. It was difficult to produce rods with both sides similar in 
width because the process was done manually. So the range of the size of the side of 
square rods was approximately between 0.9 and 0.8mm and the length was about 13 
to 15mm. See Figure 4.17. Circular rods would be most desirable but the pressed 
material was too fragile to be rounded. 
4.4.2 Growth Process 
Three materials (Y203, Y3AlsOl2 and Ah03) had been grown using the LHPG 
method in this work. Each of these materials responded differently during the growth 
process but the basic process is similar for the three materials. The C02 laser is 
focused onto the tip of the source rod which is seated in the feed mechanism. It is 
important to align the source rod tip to the focused CO2 laser beam to maintain a 
stable melt zone during the growth process. The HeNe laser was used as a guide to 
bring the source material in line with the C02 laser. When a 'half spherical' shape 
appears on the tip of the source rod this indicates growth is ready to commence. The 
half spherical shape's diameter must be approximately the width of the source rod. 
See Figure 4.18. If its diameter is bigger then the laser power is too high and when it 
is smaller the power is too low for growth to take place. To initiate the growth, a seed 
fibre is lowered into the melt and is then withdrawn from the molten zone as shown 
in Figure 4.19. Pure sapphire fibres of diameters 130Jlm and 325Jlm were used as 
seed fibres in this work depending on the size of source rod. The growth speed 
ranged from 0.2 - Immfmin and this was greatly dependant on how dense the cold 
pressed square rods were. In the remaining sections, discussions are made on the 
growth characteristics observed for each material. 
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Figure 4.18 - Melt in spherical shape ready for growth 
Figure 4.19 - Redrawing of SCF from melt 
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4.4.2.1 Ah03 SCFs 
Cr3+:A}z03 fibres were grown from a bulk ruby laser rod. To achieve a smaller 
diameter, the diameter reduction by repeated growth was required. Starting with the 
bulk ruby crystal, the power required to melt the source was approximately 25W and 
the pull rate was at 0.7mmlmin. The average diameter of this fibre was 440/Lm. This 
newly produced fibre was then used as a source rod for the second growth. The final 
ruby fibre was grown at a pull rate of 0.7mmlmin and with laser a power of -11 W. 
The diameter of the new fibre was -200j.lm. There were no observed complications 
in the melts which remained very stable for the consecutive growths. The quality of 
these fibres was the best among all the fibres that were grown in this work. Figure 
4.20 shows the typical fibre surface condition. The second re-growth fibres were free 
from any visible defects within the fibre. This observation was carried out during the 
growth process, through the viewing optics in the LHPG. The reduction in diameter 
increases the flexibility of the fibre and larger diameter fibres are more rigid. 
Therefore, when growing thin fibres, slight movements can cause misalignment with 
the laser beam and result in disruption of the melt. Therefore, for better control, a 
slow pull rate is advised when fibres with small diameters are grown. A pure 
sapphire fibre c-axis feed rod was used and the fibres grown as a result were c-axis. 
The fibres of Er3+:Ab03 grown from cold pressing were more difficult to grow. 
Firstly, under the high temperature from the laser the wax binder melts away 
producing soot. Fine particles in smoke form evaporate from the source rod and 
leave a black soot mark on the source rod. The fine particles tend to settle onto the 
focusing optics and after every growth, cleaning of the focusing optics was required. 
Secondly, bubbles appeared in the melt. This was a clear sign that the powder was 
not dense enough. It was noted by Sharp [4.9] that under stable melt, the bubbles 
remained static and were on the surface near the growing crystal/melt interface. 
Under unstable conditions, the bubbles start circulating around the melt. As the 
concentration of Er3+ increased the frequency of instability in the melt also increased. 
When the fibre has dopant at low concentration of O.lmol%, bubbles were present 
but stable but when concentration increases to Imol% the melt becomes unstable 
more frequently. Figure 4.21 shows that as the concentration of Er3+ increases the 
transparency of the fibre reduces. The fibre with lmol% is the only fibre that is clear 
throughout its length and the fibre with 2mol % started off clear but become opaque 
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as it proceeded in its growth. As for the last three fibres, they were pink because of 
the high Er3+ concentrations. All Ah03 fibres were grown at a pull rate of 
0.7mm1min. The slower pull rate shows no effect of reducing the opacity of the 
fibres with high concentration. The diameters of the fibres grown were 
approximately 400llm. Laser power used to grow the fibres was between 11- 15W, 
and this was greatly dependent on the dimensions of the source rods. 
4.4.2.2 Y 3A1s012 SCFs 
All Y3Al5012 source rods were prepared by cold pressing. Care had to be taken when 
handling the sources rods. They were fragile and could be easily broken during 
grinding down to the dimensions required for the growth. Bubbles were evident in 
the melt for Y3AIsOI2. See Figure 4.22. As mentioned in the previous section, the 
pressed powder was not compact enough. A way to solve this problem is to use a hot 
iso-static press or sinter the pellets at very high temperature (-2100K). The pull rate 
for this material can be as high as 1mmlmin. When pulled at a rate higher than 
1mmlmin, periodic striations were seen on the surface of the fibres. The laser power 
used for this material was between 11-17W, and it is dependent on the size of the 
source rod. Diameters of the fibres were approximately 400llm. Fibres doped with 
Er3+ at levels below lOmol% did not have any problems during the growth process. 
But for fibres grown at 15mol% and above, the melt became unstable. From Figure 
4.23, it can be seem that the fibres started to cloud up with microvoids appearing in 
the fibre. At a high concentration, at the beginning of growth, small amounts of 
scattered microvoids appeared in the fibre and eventually filled the whole fibre as 
seen in Figure 4.23. After a period of time, the microvoids reduced and disappeared 
and clarity was restored to the fibre. This happened periodically. When grown at 20 
and 30 mol%, this happened more frequently and from Figure 4.24, it is seen that the 
unstable melt caused the change of shape of the fibre and it became opaque. One 
possible explanation would be that the built up of rare earth dopant in the melt 
caused the changes in the freezing and melting interfaces. The lowering of the 
freezing point of the melt caused the high dopant concentration to freeze out and 
become crystal. Cloudiness appearing in the fibre was likely due to dopant build up 
at high concentration [4.9]. The characterisation was only done on fibres of lower 
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concentrations (lOmol% and below). At lOmol%, the fibre appeared to have a slight 
pinkish colour. When fibres were doped with Er3+ and Yb3+, investigation was only 
done at low concentrations. See Table 4.1. The conditions of the melt were similar to 
Er3+ doped at low concentration. 
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Figure 4.20 - Ah03:Cr3+ (Ruby) fibre 
1 mol% 
Figure 4.21 - Ah03:Er3+ fibres with different 
concentrations 
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Figure 4.22 - Bubbles in melt during growth 
Figure 4.23 - Y 3Als012:Er3+ (15mol %) unstable 
melt causes microvoids in fibre 
Figure 4.24 - Y 3AIs012:Er3+ (20mol %) unstable 
melt causes cloudiness in fibre 
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4.4.2.3 Y Z0 3 SCFs 
All Y 203 source rods were cold pressed and were cut into the required dimension. 
Among the three, Y 203 was the easiest to handle and even though it was fragile, it 
was the most robust. Yttrium oxide was densely packed when pressed within a 15 ton 
load. No bubbles were seen in the melt during the growth processes. The diameters 
of the fibres grown were approximately 400Jlm. The pull rate used to grow this 
material was 1 mm/min. The laser power used for this material fell in the range of 18-
22W and again, is greatly dependent on the size of the source rod. There were no 
complications during the growth process even when dopant was at high 
concentration. The fibres at high concentrations of Er3+ were pinkish in colour and 
becoming a deeper pink as the concentration increased. See Figure 4.25. No visible 
cracks were observed in the fibres during the growth process. 
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3.1 mol% 
6mol% 
59 mol% 
Figure 4.25 - Y z03:Er3+ fibres of different dopant 
concentrations 
96 
4.4.3 Polishing Processes 
For fibres to be effective for characterisation and applications, the fibres have to be 
polished. In this work, a PM 2 Polishing Machine from Logitech was used to polish 
the fibres. The fibres were first mounted in capillary tubes. The fibres are aligned to 
the wall of the capillary tube and quartz wax used to secure it. Y 203 fibres were 
extremely brittle, therefore to prevent them from breaking during polishing and 
characterisation, these fibres were placed in the capillary tube as shown in Figure 
4.26. A hole was drilled in the middle of the capillary tube with an ultra-sonic drill, 
creating an opening that allowed the capillary effect to take place, since wax was 
required to be at both ends of the capillary tube. All other oxide fibres were mounted 
in the capillary tubes seen in Figure 4.26 throughout the polishing and 
characterisation processes. Polishing Y203 and Y3Als012 required two stages in the 
polishing process. One is coarse polishing and the other is fine polishing. The 
capillary tubes, with the fibres, were mounted onto the PP5 polishing jig from 
Logitech. For coarse polishing, the jig was placed on a cast iron polishing plate and 
silicon carbide powder of 600",m (from Buehler - Grit 600) was used. Once the 
outline of the fibre ends appear and was relatively flat, the jig is then removed and 
placed onto a PM 2 polishing machine with a polyurethane pad. In this second stage, 
colloidal silica (from Morrisons - Summer Grade Morisol W30) was used to provide 
a fine polish. At this stage, the fibres were being polished below IJ.l.m. Figure 4.27 
and 28 show the ends of the fibres Y203 and Y3AIs0 12 respectively. It was noticed 
that cracks started appearing in Y 203 fibres. These cracks were attributed to a 
moisture-related phenomenon which was mentioned in [2.7] and [2.13]. In the case 
of polishing Ah03 fibres, which is the hardest material of the three, an extra stage 
was required before fine polishing. After the coarse polishing was done, the fibre was 
then polished on a brass polishing plate with 6J.l.m diamond compound. Figure 4.29 
shows the polished fibre end of Alz03:Cr3+. A reddish colour was observed and this 
showed that Cr3+ is present in the fibre. The orientations of the fibres grown were c-
axis for Al203, <111> for Y3Al5012 and c-axis for Y203. 
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Figure 4.26 - Capillary tube with fibre mounted 
within 
Figure 4.27 - Y 203 fibre end 
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Figure 4.28 - Y 3A1s012 fibre end 
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4.4.4 SCFs Defects 
As mentioned in the previous section, AhO):Cr3+ (ruby) fibres gave the best quality 
and were the easiest to grow. Seat had mentioned also that pure sapphire and ruby 
fibres are easier to grow when there are from polycrystalline and monocrystalline 
source rods [2.57]. Besides it being easy to grow which minimises defects, another 
reason is that the diameter of the fibre is relatively small as compared to the other 
fibres grown. There were no observable irregularities in the diameter of the ruby 
fibres. Equation 4.1 states that the reduction in diameter, D reduces the dislocation 
density or defects present in the fibre. In Figure 4.30 a ruby fibre has a uniform 
diameter without visible defects on the surface. The other fibres grown in this work 
have diameters in the range of 300j4m to 440j4m. It was observed that all fibres in 
this range had irregular diameters and, when viewed under a microscope, had 
inclusions and rough growth ridges on the surface of the fibres. See Figure 4.31 to 33 
for defects. These defects were tell-tale signs of poor temperature and zone stability 
[3.1]. Tang's [3.11] observation of SCF BaB204 showed similar inclusions to those 
found in the SCFs is in this work. Formation of inclusions occurs when supercooling 
takes place before the growth interface. Fibre growth rate plays an important role in 
constitutional supercooling because high growth rate and shallow temperature 
gradient leads to supercooling. Therefore, in this work the growth rate was reduced 
to eliminate inclusions. However, this problem persisted. The cause of these defects 
can be due to either the laser power instability or mechanical problems from the pull 
and feed mechanisms that introduced discontinuity. If it is mechanical defects, then 
the ruby fibre should share the same condition as the rest of the fibres. Therefore 
mechanical problems are ruled out. Then laser power instabilities would be the likely 
cause of the defects. From the Figure 4.5, it is observed that at high wattage, the laser 
power fluctuates more compared to when it is used at lower power. This can explain 
why ruby fibres with a small diameter do not have the defects whereas larger 
diameter fibres do. Reducing the diameter size of the fibre would then minimise the 
defect observed in this work and this would correspond to the equation 4.1. The 
focus of this work was to produce fibres of reasonable quality for simple 
characterisation and the fibres grown were good enough for this work as the fibres 
used in sensor applications have diameters -300j4m. Defects were still evident but a 
reduction of diameter did reduce the defects too. 
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Figure 4.30 - Ruby fibre with uniform diameter 
Figure 4.31- Y 203 fibre with irregularity in 
diameter 
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Figure 4.32 - Y 3A1s012 fibre with inclusion 
defects (Magnification xlOO) 
Figure 4.33 - Y 3A1S012 fibre with inclusion 
defects and rough ridges (Magnification xlOO) 
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5 Characterisation of SCF Experimental Methodologies 
5.1 Introduction 
Chapter 3 has briefly introduced the background theory of the trivalent rare earth 
ions Er3+ and Yb3+ and the behaviour of these ions in both crystals and glasses. In 
Chapter 4, description of the growth of SCFs and characteristics of the fibres was 
discussed. This chapter will discuss the characterisation experiments carried out on 
the grown fibres. Investigations are made to develop a deeper understanding to both 
the physical and spectroscopic characteristics of the doped fibres produced by the 
LHPG technique. 
Chapter 5 is divided into two sections. The first section deals with the physical 
characterisation and the second the spectroscopic characterisation. The first section 
consists of diameter measurements of the growth fibre (Section 5.2.1) and strength 
measurements of each host material (Section 5.2.2). In the latter section, the 
absorption (5.3.1), fluorescence and upconversion spectra (Section 5.3.2) and 
lifetime emission (Section 5.3.3) are investigated. From these experiments, we can 
determine the fundamental advantages and limitations of the fibres that have been 
produced and analysis made based on the findings from these experiments for future 
applications. 
5.2 Section One - Physical Characterisation 
5.2.1 SCF Diameter Measurement 
It is crucial that the diameter of optical fibres produced is uniform. Consistency in 
diameter is required in order to reduce radiation losses and to maintain a good optical 
transmission. Various methods are available to determine the diameter of fibres. It is 
desirable to have a feedback system that is able to monitor the diameter of fibre as it 
is being grown. In situations like these, a non-contact based method would be 
extremely suitable. 
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Most non-contact diameter measurement methods involve the use of a laser. The 
fibre Image Projection method [5.1] is one of them. An oscillating mirror is used to 
traverse a laser beam from one side of the fibre to the other. This sweeping motion 
projects an image onto a photo-detector which is placed just after the laser beam 
passing through the fibre. The fibre diameter is approximately proportional to the 
interception time interval. Another non-contact method is Forward Light Scattering 
[5.2]. A laser beam is directed at fibre at an angular range of ± (5 - 90°) in the plane 
perpendicular to its axis and the beam is collected by a diode array detector. The 
intensity of the diffraction fringes that are produced is determined by the angle of the 
incident beam. The change in diameter of the fibre not only changes the number of 
fringes produced but also the separation of these fringes. The fringe spacing is 
directly proportional to the diameter. 
In the present LHPG growth system, (an open loop system) such monitoring 
arrangements are not yet available. Therefore a quick method is needed to establish 
the diameter of the fibre. Understanding the geometrical qualities could aid in the 
improvement of the present LHPG system. 
5.2.1.1 Experiment Layout and Settings 
All fibres grown were measured post-growth with the Filar Eyepieces technique 
[5.3]. This is a quick and effective method to determine the diameter of the SCF. In 
this technique, a Filar microscope eyepiece (Nikon Filar Microscope Eyepiece 10 x 
N) is mounted as the right side eye piece of a microscope (Nikon Eclipse ME 600). A 
lOx microscope objective was selected for all the diameter experiments. See Figure 
5.1 and 5.2 for the Filar microscope eyepiece and experimental set up. Before the 
start of any measurements, calibration is needed between the Filar microscope and a 
graticule. The Filar microscope and the graticule have a scale of lmm and are 
divided into 100 smaller divisions of O.Olmm. In order to calibrate the system, the 
two scales must coincide with each other. This is done by moving one end of the 
graticule scale to the 0 (zero) position of the Filar Microscope and after which 
turning the Magnification adjustment ring until the two scales overlaps. The set up 
must be repeated if a different microscope objective is used. 
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The graticule is then removed and is replaced with the fibre that requires 
measurement. Before any measurement is taken the 0 (zero) positions of the main 
and vernier scales must be aligned. Once that is completed the fibre on the traversing 
stage of the microscope is then moved until the fiducial line in the Filar microscope 
is aligned at one edge of the diameter, see Figure 5.2. By rotating the Filar 
Microscope knob, the fiducial line is then moved to the other edge of the fibre. From 
the main and the vernier scale, a length L is then recorded. The actual length Lactual is 
obtained with the following: 
L 
L =--
aC/1Ul1 MOP (5.1) 
MOP is the magnification power of the objective used. To obtain the average 
diameter of the fibre, the measurement mentioned above is taken throughout the 
entire length of the fibre at intervals of O.5mm. This also determines the uniformity 
of the fibre. To prevent errors which could occur due to focusing of the edges of the 
fibre and variation in the intensity of the light from the microscope, each point along 
the fibre is taken three times. The average of the three readings is then substituted 
into the formula 5.1. 
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5.2.2 Mechanical Testing Measurement 
The shear strength of the fibres was measured using a simple three-point bending test 
on the fibres that were growth by LHPG. All tests were preformed under room 
temperature conditions. This test was done to demonstrate the difference in strength 
of the three different fibre materials that were grown in this work. The principle of 
the three-point bending test was to place a specimen, in this case a fibre, on two 
supports and a force is applied at the centre of the fibre until it is fractured, 
(sometimes known as the strain to failure (STF) test). 
5.2.2.1 Experimental Layout and Settings 
A simple jig was constructed for this experiment. See Figure 5.3. The jig consists of 
two supporting legs on which the fibre can be placed on. The distance between the 
supports is adjusted by micrometer head at the side of one of the supporting legs. The 
loading bar is fabricated from clear acrylic. The radii of the supporting legs and the 
loading bar are similar. A Llyod Instrument 10000 Material Testing Machine was 
used to carry out this three-point bending test. Firstly, the jig was placed at the base 
of the Material Testing Machine, where a SON load cell was attached to the 
depression arm. The acrylic loading bar was then attached to the end of the load cell. 
The distance between the two supporting legs was 19mm. This dimension was 
chosen because most of the fibres grown for these experiments were approximately 
24mm in length. The fibres were then placed at the centre of the two supporting legs 
as shown in Figure 5.3. The acrylic loading bar was then brought near to the fibre, 
-lmm above the fibre, and further adjustment was made to ensure that the loading 
bar was at the centre of supporting arms and the force to be applied at a 90° angle to 
the fibre being tested. After which the acrylic loading bar was lowered at a speed of 
0.5mm1min. When in contact with the acrylic loading arm, the fibre is bent until it 
breaks. The instrument is linked to a computer and the force required to strain the 
fibre until it breaks recorded. The recorded force, F in Newtons is then substituted 
into the formula below: 
s = Fl xlO-6 
4M 
(5.2) 
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S is the bending/shear strength in MPa, I is the distance, in mm, between the two 
supporting legs and M is the moment of resistance, in mm3, of the test fibre and can 
be calculated by M = trdA2 , where d is the diameter in mm. See Figure 5.4. All 
forces required to strain the fibres to failure were recorded and comparisons made 
between different materials. 
109 
Figure 5.3 - Three point bending jig 
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Support leg !+.--------------------------~~! Support leg 
Figure 5.4 - Three point bending 
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5.3 Section Two - Spectroscopy Characterisation 
5.3.1 Absorption Spectrum Measurement 
Y AG and Yttria fibres have been grown doped with either Er3+ alone or Er3+ co-
doped with Yb3+ and Ah03 fibres containing the transition metal Cr3+ (ruby). The 
absorption spectra were recorded from the 400nm to 1700nm. The spectra collected 
reveal the strength of each individual absorption band of the different doping levels 
of rare earths used in the fibres. This measurement helps to determine the appropriate 
choice of the excitation source. 
5.3.1.1 Experimental Layout and Settings 
The single-beam method, see Figure 5.5, is a simple and quick way to determine the 
absorption spectrum for an extensive range of wavelengths. A Quartz Halogen lamp 
(Bentham ILA), having an output wavelength range of >400nm, was used as the light 
source. The source was collimated using two collimating lenses. The parallel beam is 
then directed into a 20x microscope objective where it is then focussed onto the end 
of the fibre. The light exiting the other end of the fibre is collected by a second 20x 
microscope objective. A third lens after last microscope objective is then used to 
focus the light into the entrance slit of the monochromator (ll2m DIGIKROM DK480 
- CVI Laser Corporation). At the exit slit, either a PIN silicon photodetector 
(Hamamsutsu) for the visible region or a InGaAslPIN photodetector (IR Femto Watt 
Photoreceiver - New Focus Inc.) for the near infrared region is used. An optical 
chopper was placed in between the last lens and the entrance slit of the 
monochromator. The entrance and exit slit widths for the monochromator used for 
this experiments ranged from 30JLm to 150JLm, depending on the desired bandpass. 
Scanning was done at O.5nm/step from 400nm to 1800nm. The signals from the 
detectors were processed by a lock-in amplifier (500MC - Sci Tech) to facilitate a 
high signal to noise ratio. Labview software was used to control the monochromator 
remotely and also used to process the data collected. 
Absorption bands are apparent when there is a significant reduction in the intensity 
of the light transmitted through the sample. They are generally in the form of dips in 
111 
the spectrum collected. Therefore. the lamp spectrum from the visible to the infrared 
region is required as a reference to determine the absorption spectra of the doped 
fibre. This is obtained by directing the lamp source into the monochromator by 
placing the two microscope objectives together. The absorption spectrum is 
determined by dividing the reference light (lamp spectrum) by the spectrum from the 
doped fibre. The lamp spectrum from the Quartz Halogen lamp for both the visible 
and the infrared regions is shown in Figure 5.6 and 5.7. Figure 5.8 an image of the 
end of a Y 203 fibre as it is collected from the second microscope objective. 
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Figure 5.8 - Light from end of Y 203 fibre 
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5.3.2 Fluorescence and Upconversion Measurement 
From the absorption spectrum, one can detennine the laser source needed to excite 
the doped fibre. It was observed that all SCFs doped with Er3+ has an absorption 
band at 411512 -+ 4111/2 transition similar to the work in Er3+ doped glass fibers [5.4]. 
Therefore an excitation source in this region was selected. Throughout the process of 
the fluorescence experiments, it was observed that light was emitted from the fibres 
not only in the infrared region but also at wavelengths shorter than that of the 
excitation source, in the visible region. All excited fibres produce a visible green 
emission. This is the tell tail sign of the process known as anti-Stokes fluorescence or 
upconversion. This process only occurs when the dopant level is high and all fibres 
in this work are relatively highly doped with erbium. 
As for ruby, the absorption bands are in the 4TI and 4T2 energy levels which fall in 
the regions of 400nm to 600nm [5.5]. Only the absorption in the 500nm region was 
used for excitation in this work. A laser of this region was selected to excite the fibre. 
5.3.2.1 Experimental Layout and Settings 
Both the fluorescence and the upconversion experimental setup are similar. Different 
excitation sources were used during the experiments. Lasers selected were according 
to the appropriate absorption bands. For both Y AG and Yttria SCF, 965nm and 
975nm laser diodes were used. See Figure 5.9 and Figure 5.10. For the pump source 
at 965nm (LACRYS - model 402), collimating lenses were placed in front of the 
laser. The collimated laser beam is directed into a 20x microscope objective and is 
then focused into the fibre. The emission from the fibre is collected by the second 
20x microscope objective. The collected beam is then focussed, by the third lens, 
into the entrance slit of the monochromator and an optical chopper is located at the 
entrance slit. The slits for both entrance and exit of the monochromator were no 
larger then 250J-tm. The InGaAslPIN photodetector was used for fluorescence 
experiments and as for the upconversion experiment a Photomultiplier tube (PMT -
Hamamsutsu model R928) was used for data acquisation. When the pigtail laser 
diode at 975nm (Avanex model A 1998PLM) was used, the collimating lenses and the 
first microscope objective are removed. Since this laser diode is a pigtail laser a fibre 
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optic cable is attached, it is directly butt coupled to the end of the fibres. For the ruby 
fibres, a 532nm (Frequency Doubled Nd: YAG laser - Excellence Optoelectronics 
Inc.) was employed to excite the fibre. The setup of this experiment is similar to that 
when using the 965nm diode laser. A PIN silicon photodetector was place at the exit 
slit of the monochromator to collect the fluorescence light. All data for the 
experiments are collected and stored in the computer. Fluorescence measurements 
performed for fibres doped with Er3+ and Yb3+ was measured over the wavelength 
range of 400nm to 1700nm. For ruby fibres the fluorescence performed was from 
500nm to 600nm. The laser lines for 532nm, 965nm and 975nm are shown in Figure 
5.11,5.12 and 5.13. 
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5.3.3 Fluorescence Lifetime Measurement 
One way to study the interaction between the host material and the rare earth is to 
know its lifetime, t. The lifetime of Er3+ varies with different hosts. Much work has 
already been done for Erbium doped glass composition materials which can have 
lifetimes as low as 4ms [5.6] for tellurite to as high as 14ms [5.7] for Na-K-Ba-
silicate at transition 4I1312 -+ 4I15/2. In this work, it is our interest to look at the lifetime 
decay of Er3+ and Er3+ co-doped with Yb3+ in the 411312 -+ 4115/2 levels under different 
concentration levels for different host SCFs. The level of concentration of rare earth 
incorporated into the host fibre will determine the difference in t [5.8,9]. Fibres that 
are doped with higher amounts will have the possibility of rare earth clustering or 
concentration quenching. 
5.3.3.1 Experimental Layout and Settings 
Figure 5.14 shows the schematic of the experiment for fluorescence lifetime 
measurements. Two excitation sources, at 965nm and 975nm, were used in these 
experiments. For the diode laser at 965nm, its beam is collimated using a telescope 
arrangement and an optical chopper is placed in between the two lenses at the 
confocal point. The output beam is focused onto the fibre by a 20x microscope 
objective. When the 975nm, pigtailed laser, was used the collimating lenses and the 
first microscope objectives were removed. The fibre optic cable from the laser is 
placed at the entrance of the fibre. An optical chopper was placed in between the 
two. The fluorescence from the fibre is collected by the second microscope objective 
and focussed onto the InGaAslPIN photodetector. Optical filters were placed in front 
the detector to observe decay at specific wavelengthlband. A long pass filter was 
used to eliminate all wavelengths below 1250nm, firstly to prevent the detector from 
saturation and secondly the interest was to look at the decay at wavelengths in 
1400nm to 1700nm region. A bandpass filter at 1550nm (centre wavelength 
tolerance ±2.4nm) was used to determine the decay just at this wavelength. The 
monochromator could also be used as a bandpass filter. The grating of the 
monochromator was rotated to the specific wavelength of interest and the detector 
was placed at the exit slit. The signal is then processed by a digital oscilloscope 
(Hewlett Packard - model 54520A) and data stored on disk. In order to observe an 
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exponential curve that represents the fluorescence decay, the modulation of the 
signal must be done at a low frequency. In this experiment, the signal is modulated 
by an optical chopper and the frequency used was ranging from 5Hz to 8Hz (the 
setup system has a decay of OAms and was taken into account in all decay 
experiments). Data collected is then curve fitted using the EASYPLOT software 
package to obtain the decay. It was demonstrated that the data followed the first 
order exponential decay function (graphs not shown). Due to the relatively weak 
upconversion signal from the fibre, upconversion decay is not investigated in this 
work. 
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Section II 
Characterisation of SCFs 
6 Y 3Als012 - Single Crystal Fibre 
6.1 Introduction 
Commonly known as Y AG (Yttrium Aluminium Gamet) and having a chemical 
notation of Y3AIs012 or Y3Ah(AI04)3, YAG is extensively used as a host medium for 
rare earth solid state lasers. Having a garnet like structure, this synthetic crystal has 
many advantages as a host material for laser applications. These include high thermal 
conductivity to dissipate excess energy, the ability to incorporate a wide range of rare 
earth ions, and the ease of growth of large, high quality crystals. Burrus and Stone 
[2.9] were the first to demonstrate the a Nd:Y AG fibre laser (grown by LHPG). The 
fibres grown, pulled at 5mm/min, were free from micro cracks. Burrus and Stone 
were also the first to operate these Y AG fibre lasers without a heat sink while 
pumping with a single LED. Although Nd is the most common rare earth ion doped 
in YAG, other rare earths such as Ho [6.1], Tm [6.1], Yb [6.2] and Er [6.3] can also 
be found in YAG. In recent years, YAG SCFs have been used in the medical field for 
laser thermotherapy [2.52]. Having a high chemical resistance, good mechanical 
strength and high temperature tolerance makes them very attractive in the medical 
field. Having a high temperature resistance, Y AG fibres have been employed as 
temperature sensors [6.4]. Y AG has a high melting temperature of 1900°C and as a 
temperature sensor, it can operate close to its melting point without any problems 
[2.54]. Work carried out on Yb:YAG sensors exploiting fluorescent decay proved to 
have excellent sensitivity in the temperature range of 1300°C and 1600°C, with an 
accuracy of ±1°C within this range. They also demonstrated good durability in 
oxidising environments at elevated temperatures [6.4]. The purpose of this section is 
to study the concentration effects of Er3+ and Er3+ + Yb3+ doped in Y 3AIsO 12 fibres, 
grown by LHPG. Investigations were carried out to discover the spectral parameters 
in the visible and the near infrared regions, and the fluorescence lifetime of each 
fibre. Physical aspects of the fibres were also examined to obtain a clearer 
understanding of the conditions of the fibres grown. The results present the physical 
and optical status of the different dopant concentrations of singly and co-doped YAG 
SCF. 
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6.2 Diameter Measurement 
The fibres grown in this work were either for physical or spectroscopic 
characterisation. Three fibres were specially grown for diameter measurements and 
the same three fibres were then used for mechanical testing measurements which will 
be discussed in the next section. The conditions of growth for the three fibres were 
kept the same. They were grown from source rods prepared from cold pressed 
powder. Refer to Chapter 5.2.1 for experimental set-ups. 
6.2.1 Results and Discussion 
Acquiring the diameter for the fibres was achieved using the Filar Eyepieces 
technique. Each fibre was measured with the same technique three times. This was 
done to reduce possible measurement errors. Repeated measurement of the same 
fibre showed a diameter variation error of not more than 3%. The lengths of the 
fibres measured were in the range of 20mm and 30mm. Measurement intervals of 
0.5mm were taken across the length of the fibres. The average diameter of the three 
fibres fell within the range of 390 to 425/lm. The variation in diameters from sample 
to sample was due to the variation in size of the square source rod. Table 6.1 shows 
the average diameter and the standard deviation. From the results, deviations from 
the mean diameters were very large for all the three fibres. Figures 6.1 to 3 show the 
diameters across the length of the fibre. The variation across each fibre was likely 
caused by unstable melt zone contributed by the heat source, and hence, the large 
variation of the diameters. The variation of the diameters of the fibre coincides with 
the pattern of the laser plot as seen in Figure 6.4. Lastly, one possible error source in 
this experiment of diameter measurement was that the fibres grown were not circular 
in cross-section. See Figure 4.26. Generally, the scope of this work did not require 
first-class quality fibres. The fibres grown were good enough for the experiments 
required. 
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Table 6.1 - Y 3Als012 fibre diameter measurements 
Specimen Name Average Diameter Standard Deviation (/lm) (/lm) 
Spec YAl21 399.80 27.73 
Spec YA122 423.30 23.93 
Spec YAl23 391.95 16.67 
Figure 6.1: Spec YA121- Y3Als0 12 fibre diameter measurement 
mean: 399.802 
sdev: 27.7269 
var: 768.781 
# pts in +- n devs: 
0-1: 48 
1-2: 7 
2-3: 2 
3+: 2 
o~--------------~----------------------------------~ o 10 20 30 
Length of fibre / mm 
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Figure 6.2: Spec YAI22 - Y3Als0 12 fibre diameter measurement 
J 
y=a max dev:65.9 
a=421 
mean: 423.303 
sdev: 23.9312 
var : 572.702 
# pts in +- n devs: 
0-1: 31 
1-2: 11 
2-3: 2 
3+: 0 
o~~----~~------~------~~--------~----~~ 
E 
::t 
-.... a> 
..... 
a> 
E 
n:1 
:0 
a> 
.... 
.0 
u::: 
o 
300 
200 
100 
5 10 15 20 
Length of Fibre / mm 
Figure 6.3: Spec Y Al 23 - Y 3A1s012 fibre diameter measurement 
y=a max dev:38.4 
a=392 
mean: 391.945 
sdev: 16.686 
var : 278.423 
# pts in +- n devs: 
0-1: 39 
1-2: 19 
2-3: 3 
3+: 0 
25 
o~--------------~---------------~--------------~ o 10 20 30 
Length of fibre / mm 
131 
Figure 6.4: C02 laser power fluctuation 
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6.3 Mechanical Testing Measurement 
A simple three-point mechanical bending/shear strength test was carried out on the 
fibres grown. The test was conducted under room temperature conditions. The 
purpose of this test was to get the basic characteristics of the mechanical properties 
of the fibres grown. Reference for the layout of experiment can be made in Chapter 
5.2.2. 
6.3.1 Results and Discussion 
All three fibres that were used in this test were grown under similar conditions. From 
Table 6.2, the results attained from the test show inconsistency. It is logical to expect 
that the fibre with the largest diameter would require with the greatest force when it 
is bent. However, that was not the case during the test. In fact, it required the lowest 
force compared with the other two fibres. A larger sample size and more fibres 
would be helpful to verify this inconsistency. The length of the fibres were kept short 
to prevent internal micro-cracks from occurring during the growth process and there 
were no visible traces of micro-cracks observed during the growth process. A likely 
cause of this inconsistency could be the mixture of the source material. Two different 
compounds (Y 203 and Ah03) were required to form Y AG fibres and the ratio of the 
two may have varied between the three fibres. This was an initial assumption made 
to explain the possible inconsistency shown in the results. Confirmation of this could 
be made by using a larger fibre sample size for the experiments and EMPA (electron 
microprobe analysis) could be conducted on the fibres before the mechanical testing. 
This would reveal the relative concentration levels of the two compounds. Figure 6.5 
shows the force (N) against the deformation (mm) of Spec YA123. The force started at 
zero and increased with the deformation. The falling of the force back to zero 
signified that the fibre had broken and the maximum force required to strain the fibre 
to breaking point was the value before the plot falls to zero. 
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Table 6.2 - Y3Als0 12 fibre mechanical testing measurements 
Specimen Diameter Force, F M =1rdA2 ShearlBending Strength, S Name (J-Lm) (N) (xlO-12) (MPa) 
Spec YA121 399.80 3.029 6.273 2.29 
Spec YA122 423.30 1.541 7.447 0.983 
Spec YA123 391.95 2.457 5.923 1.97 
Figure 6.5: Three-point bending test on Spec YA123 
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6.4 Absorption Spectrum Measurement 
The experimental layout and equipment used in this measurement were discussed in 
Chapter 5.3.1. Y3AIs012 fibres doped with Er3+ of content 0.5, 1,5 and lOmol%, and 
fibres doped with Er3++Yb3+ of content 1+1,1+2 and 1+3mol%, were prepared using 
the cold pressed method and grown by LHPG. This section presents the results of the 
absorption spectra of these Y AG fibres. 
6.4.1 Results and Discussion 
Figures 6.6 to 19 show the absorption spectra of the different content of Er3+ and 
Er3+ + Yb3+ doped Y AG fibres. The results are presented in the range 400 to 1200nm, 
and 900nm to 1700nm. This was done due to the different photo detectors that were 
employed in the experiments. The absorption bands for singly doped and co-doped 
Y AG fibres spread across the visible and infrared region and are relatively sharp and 
narrow. The absorption peaks for Er3+ doped YAG in this work are relatively similar 
to work done by Cornacchia [6.5] and in [3.40]. The quartz halogen lamp used in 
these experiments was not ideal because the intensity in the blue region was 
extremely low, see Figure 5.6. Several peaks appeared throughout the spectrum and 
the intensity of the absorption spectra was strongly influence by the Er3+ and Yb3+ 
content. The peaks observed in this work for singly doped and co-doped occur in the 
manifolds 4P7I2, 2H11I2, 4S3/2 , 4P912, 419/2, 411112 and 411312• The two strongest peaks in the 
singly doped YAG fibres for the region of the 4p712 transition were at 485nm and 
486nm. These two peaks were observed only for content of 1mol% above. At 
0.5mol%, there was no peak observed in this work. See Figure 6.6. The noise level 
was high for 0.5mol% samples and the presence of the absorption peaks in this blue 
region might have been obscured by the noise. Due to the limitation of the light 
source employed in this experiment, no firm conclusion could be made with regards 
to the present absorption in this region. To verify the possibility, a light source that 
gives out higher UV emission should be employed for future investigations. The two 
peaks observed in 4F712 were present and remained consistent for all the other higher 
E~+ doped Y AG fibres. In the manifold 2H 11 /2, two narrow sharp lines at 523nm and 
524nm were observed at 0.5mol%. As the Er3+ content increased, more peaks at 
517nm and 518nm appeared beside the two already mentioned. The sharp peak at 
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523nm had the highest intensity among all the peaks in the range 400 to 1200nm. 
However, its relative intensity reduced as the dopant level increased. The only peak 
observed in the manifold 4S3/2 was at 540nm. This peak was relatively weak and 
reasonably similar at all dopant levels. As for manifold 4F9/2 , strong peaks were at 
645nm, 646nm, 650nm and 652nm. At dopant levels of 0.5 and 1mol%, the peak at 
650nm was the highest among the others at this manifold. Figure 6.8 shows clearly 
that the peak at 650nm was the highest among its manifold and all other peaks. When 
doped with 5 and lOmol% of Er3+, the peak at 646nm became the strongest, 
overtaking 650nm. Increments in dopant level changed the intensity of peaks. The 
4F9I2 manifold has the highest intensity from 1 to lOmol%. Smaller peaks at 661nm, 
668nm and 677nm were also observed in this manifold which remained fairly similar 
at all dopant levels. In 419/2 transition, several peaks were observed at 785nm, 797nm 
and 811 nm. These peaks were relative weak at 0.5mol % of Er3+ but became stronger 
as the dopant level increased. The peak at 785nm was the strongest among the three. 
See Figure 6.12. For 4111/2 transition, there were nine narrow peaks observed. See 
Figure 6.6. For all the four Er3+ doped Y AG fibres, these remained consistent. The 
strongest of these was at 963nm, but was replaced by the peak at 959nm at doping 
level of lOmol%. The basic profile of the absorption spectrum at in this region 
remained the same for all singly doped Y AG fibres. Lastly, in transition to the 4113/2 
levels, there were at least 16 prominent peaks observed. See Figures 6.7 and 6.9 for 
the peaks. The narrow and sharp peaks were very distinctive at dopant levels of 0.5 
and Imol%. The intensity between 1400 and 1500nm increased as the concentration 
of the Er3+ increased. The distinctive peaks that were observed at the lower 
concentrations merged together at the high dopant levels, forming a spectrum with a 
board linewidth. See Figures 6.11 and 6.13. At lOmol%, the width of the profile of 
the absorption band was 45nm. The small peaks at 1565nm and 1612nm were also 
observed at this concentration. Therefore, at a higher Er3+ concentration, the narrow 
absorption lines of the 4113/2 manifold broadened and the peaks merged to form a 
broader absorption linewidth. 
YAG fibres with Er3+ concentration of 1mol% were co-doped with Yb3+ of 1, 2 and 
3mol%. Figures 6.14 to 19 show the absorption spectrum of these fibres. When co-
doped with Yb3+, this sensitiser ion broadened the absorption band around 930nm 
[3.34], as discussed in Chapter 3.3.2. Previous workers had observed that E~++Yb3+ 
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doped in a poly-crystalline YAG matrix had shown a broadening effect with the 
range of 900nm and 1050nm [6.6]. The spectral region of 2F7I2_ 2F5/2 transition 
present in the Yb3+ ions overlapped the Er3+ ion transition at 411512- 411112. therefore 
causes an increase in linewidth at the transition 411112 and resulting in an increase in 
its optical pumping efficiency [6.6,7]. In this work, it was observed that additional 
peaks appeared at 911nm, 938nm, 966nm and 1027nm when co-doped Yb3+ ion. See 
Figure 6.14. The absorption spectrum was also broadened approximately from across 
the range 900 to 1030nm. Comparing with Imol% Er3+ (Figure 6.8) singly doped 
which had a linewidth from 956 to 965nm, Yb3+ had indeed increased the linewidth. 
Increasing the Yb3+ concentration level from 1 to 3 mol % also increased the intensity 
of the peaks in the range of 900nm and 1030nm. 3mol% Yb3+ had the highest 
absorption strength among the co-doped fibres. The absorption spectrum in the range 
of 1400nm and 1700nm of the co-doped fibres was similar to the singly doped fibres 
at Imol% Er3+ concentration level. No additional absorption peaks were observed in 
this range. See Figures 6.15, 17 and 19 for absorption spectra. 
From the results mentioned above, it can be concluded that singly and co-doped 
fibres can be excited at several wavelengths. In this work, the 4111/2 manifold was 
selected for two reasons: firstly, the ease of diode pumping at this wavelength and, 
secondly, to prevent any ESA. 
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Figure 6.8: Spec Y AI 09 Y 3AI5012:Er3+ (lmol %) 
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Figure 6.10: Spec Y AI 10 Y 3Als012:Er3+ (Smol %) 
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Figure 6.12: Spec Y AI 13 Y 3Als012:Er3+ (10mol %) 
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Figure 6.13: Spec YAI13 Y3Als0 12:Er3+ (10mol%) 
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Figure 6.14: Spec YAI16 Y3Als012:Er3++Yb3+ (Imol % each) 
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Figure 6.16: Spec YAl20 Y3AIs012:Er3++Yb3+ (1+2mol%) 
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Figure 6.17: Spec YAl20 Y3AIs012:Er3++Yb3+ (1+2mol%) 
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Figure 6.18: Spec YAl19 Y3Als012:Er3++Yb3+ (1+3mol%) 
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Figure 6.19: Spec Y AI 19 Y 3Als012:Er3+ + Yb3+ (I +3mol %) 
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6.S Fluorescence Measurement 
From the section above, the absorption spectrum revealed that there was absorption 
at 975nm for all the YAG fibres. A laser diode at this wavelength was used to excite 
the fibres. Although the absorption spectrum showed that the absorption intensity at 
this wavelength was relatively low, good results could be obtained from the 
fluorescence measurement using a 975nrn pigtailed laser diode. In the 
telecommunication applications, laser diodes at this wavelength are commonly used. 
A detailed discussion on experimental layout was made in Chapter 5.3.2. 
6.5.1 Results and Discussion 
When the YAG fibres were excited at 975nrn, a weak green emission was observed. 
This is the telltale sign of upconversion emission. An investigation on upconversion 
emission will be discussed in the following section. Figures 6.20 to 23 and 6.26 to 31 
show the fluorescence spectra from the 4113/2 manifold of all the six Y AG fibres. For 
the singly doped Er3+:YAG fibres, absorption from 4115/2-41Jl/2 manifolds due to the 
excitation source at 975nm, promoted the ions to 411112 metastable level which then 
experienced a non-radiative relaxation to the 4113/2 manifold and resulting in 
fluorescence emissions from 411312 manifold to the 4115/2 ground state. Several peaks 
observed. At lower concentrations of 0.5 and Imol%, peaks were seen at 1470nm, 
1528.5nm, 1568nm, 1612nm, 1628.5nm, 1640.5nm, 1652.5nm and 1668nm. These 
wavelengths denote the Stark splitting of the level in the 4113/2 and 4115/2 manifold. 
The fluorescence emissions at these concentrations were in agreement with previous 
work carried out on YAG crystals or SCFs [6.5, 8, 9]. The distinctive 'five fingers' 
emission profile in the 1600nm region was also observed in this work which is to be 
expected when dealing with Er3+ doped YAG. It was also observed that there were 
four additional strong peaks at 1441nm, 1481nm, 1601nm and 1680nm. Occurrences 
of these peaks were likely caused by either contamination present in the constituent 
powder of the hosts' material or contamination present in equipment used at the 
preparation stage before the growth of the fibres. At 0.5mol% Er3+ concentration, the 
1500nm region was the highest in fluorescence intensity. See Figure 6.20. As the 
concentration of Er3+ increased, the 1600nm region intensity became more prominent 
with the peak at 1640nm the strongest at a concentration of lOmol%. See Figure 
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6.23. Broadening effects were also observed at high concentrations. In the 1400nm 
region, broadening of the Stark lines were seen at Imol% concentration. At 5 and 
lOmol%, the broadening effect of the linewidth had overlapped each other 
completely to form a broad bandwidth across the 1400nm region. At the 1500nm 
region, a similar effect was seen at 5 and lOmol%. Broadening of the linewidth 
caused overlapping of the Stark lines, therefore the narrow peaks were no longer 
seen and a broad bandwidth was formed across the region. As the dopant level 
increased, the relative fluorescence intensity in this region decreased. See Figures 
6.22 and 23. For the region around 1600nm, the sharp Stark levels remained 
distinguishable. Broadening of these lines mostly took place at the base of these 
peaks and also at high dopant concentration the relative intensity of this region 
increased. Emission linewidth broadening has also been seen in glass fibres. The 
processes that were responsible for these effects were homogeneous and 
inhomogeneous broadening. Another possible reason for this broadening effect could 
be due to the increase in dopant concentration which then disturbed the lattice in the 
crystalline structure [6.10]. Distortion of the lattice, producing dislocation or 
interstitial defects could be expected in the crystal which would result in linewidth 
broadening. One of the advantages of this phenomenon is that it can be useful for the 
gain flatness at the 1500nm region optical telecommunication wavelengths [6.10]. To 
have a clearer view of the change caused by an increment of dopant concentrations, 
the fluorescence intensity ratio (FIR) was used to compare the difference between 
fibres at different concentration levels. This technique is commonly used in the 
thermometry in determining temperature. Detailed discussion of this technique will 
be done in Chapter 9. A peak from the 1500nm region, 1528.5nm (11528.5) and a peak 
from the 1600nm region, 1612nm (11612) were chosen. Dividing 11528.5 by 11612 and 
plotting the values against the dopant concentration, a decrease in FIR is observed. 
See Figure 6.24. 
When Y AG fibres were co-doped with Yb3+, a new emission band was observed at 
-980 to 1100nm. In this band, a strong peak at 1027nm became evident. The Yb3+ 
emission peak in this work was extremely close to that of reference [3.31] which was 
at -1030nm. Three Yb3+ concentrations of 1, 2 and 3mol% were investigated. See 
Figures 6.25 to 30 for fluorescence spectra. The 4113/2 emission profiles of the three 
co-doped fibres looked similar to that of the singly doped 1 mol% Er3+ fibre. Peaks 
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in the co-doped emission spectra were also similar. As the Yb3+ concentration 
increased, the peak at 1027nm increased in intensity. See Figure 6.31. When dividing 
the intensity peak at 11528.5 and 1161 2 by 1027nm (l1027) intensity peak, the FIR 
decreases. From Figure 6.29, it was observed that the intensity strength at 1027nm 
was as strong as the other two peaks at 1528.5nm and 1612nm. Co-doping with Yb3+ 
did not only broaden the absorption band as shown in the previous section, see 
Figure 6.14 to 19, but this large spectral overlap between the Yb3+ emission at 
2F7I2~2F5/2 and Er3+ absorption at 4115/2~ 4111/2 also increased the rate of energy 
transfer between the two rare earth ions. Figure 6.32 shows the results of the FIR 
between the singly doped and the co-doped fibres. When dividing 11528.5 by 11612, an 
increasing FIR was observed. It could also be seen that the FIR values of the co-
doped fibres were higher than the singly doped Er3+ 1mol%. The increasing FIR 
values were relatively small as compared to the other singly doped fibres. The result 
presented in Figure 6.32 was insufficient to determine if there was an increase in 
energy transfer when Yb3+ was added. This result did, however, show that there was 
possible energy transfer between the Stark levels at the 4113/2 manifold since the 
intensity of the 1528.5nm and 1612nm multiplets intensity ratios increased when 
Yb3+ dopant level increased. 
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Figure 6.21: Spec Y AI 09 - Y 3Als012:Er3+ (Imol %) 
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Figure 6.22: Spec Y AI 10 - Y 3Als0I2:Er3+ (5mol %) 
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Figure 6.23: Spec Y AI 13 - Y 3Als0I2:Er3+ (10mol %) 
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Figure 6.24: Y 3A1s012:Er3+ Fluorescence intensity ratio (FIR) 
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Figure 6.25: Spec YAll6 - Y 3Als012:Er3+ + Yb3+ (lmol % ea) 
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Figure 6.26: Spec Y All6 - Y 3Als012:Er3+ + Yb3+ (lmol % ea) 
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Figure 6.27: Spec YAI20 - Y3Als012:Er3++Yb3+ (1+2mol%) 
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Figure 6.28: Spec Y AI 20 - Y 3Als012:Er3+ + Yb3+ (1 +2mol %) 
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Figure 6.29: Spec Y Al 19 - Y 3AIs012:Er3+ + Yb3+ (1 +3mol %) 
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Figure 6.30: Spec Y Al 19 - Y 3Als012:Er3+ + Yb3+ (1 +3mol %) 
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Figure 6.31: Y3Als012:Er3++Yb3+ Fluorescence intensity ratio 
(FIR) (llS28.5 & 161z/11027) 
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6.6 Upconversion Measurement 
Green emission was observed from all the YAG fibres when a 975nm laser diode 
was used to excite fibres during the fluorescence spectra measurements. Therefore, 
further experiments were conducted on these fibres to investigate the transition lines 
in the visible spectrum. The visible emission indicated that a cooperative energy 
transfer upconversion process was present within the system and the theoretical 
background on this process was discussed in Chapter 3.3.3. Refer to Chapter 5.3.2 
for details on experimental setting and layout. 
6.6.1 Results and Discussion 
The visible emission produced by excitation with the 975nm laser diode was too 
weak for the photomultiplier tube (PMT) to sense even at maximum power 
(120mW). This was due to the great losses through the monochromator. Therefore, a 
965nm laser diode array (maximum power 5W) was used in this experiment. In order 
for cooperative energy transfer upconversion to occur, a minimum of two Er3+ ions 
are involved. More power, thus, was required to promote the ion to the higher 
metastable state, 4F7I2, to facilitate transitions to the visible regions. From the 
absorption spectra, it was observed that the absorption had very narrow and sharp 
peaks scattered across the -950 to -980nm. Weak absorption was observed at 
975nm. Therefore, when a laser at this wavelength was employed, it was not efficient 
enough to promote a strong upconversion emission within the system to overcome 
the losses caused by optics in experimental settings. From Figure 5.12, it was 
observed that the 965nm laser had a broader linewidth compared to the 975nm 
device and 965nm was very near to an absorption peak. The quality of the grown 
fibres also produced large scattering losses which could also add to the inefficiency 
of pumping with the 975nm laser diode. For the singly doped YAG fibres, 
zHIIIZ+4S3IZ-+4115IZ and 4p9/z-+411512. transitions were observed in the upconversion 
spectra. The green emission, seen in Figures 6.33 to 36 was much stronger than the 
red emission. At the lowest concentration of 0.5mol%, see Figure 6.33, the red 
emission was the also at it's lowest. The emission ranged from 530nm to 570nm and 
had a number of peaks. At this concentration, the peak at 553.5nm was the most 
intense. Although the red emission was extremely weak, several peaks can be 
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observed after multiplying a factor of 15 to the red emission intensity. At Imol% 
Er3+ concentration, the general green emission spectrum looked similar to that of the 
lowest concentration. See Figure 6.34. The maximum peak at this concentration was 
in agreement with work done by Silversmith [3.41]. The red emission was stronger as 
compared to O.5mol%. After multiplying the red emission by a factor of 5 increases 
the emission profile. When doped with 5mol% of Er3+, see Figure 6.35, broadening 
effects were observed at the base of the green emission spectrum's profile. The red 
upconversion emission profile was more prominent and was more intense. Slight 
broadening of the linewidths at the red emission profile was also observed. At 
1 Omol % concentration, see Figure 6.36, the maximum peak at 560nm increased with 
respect to the other peaks within the green emission. Broadening of the transition 
lines in this region was also observed. The lines at the 530nm to 550nm region were 
no longer discemable due to the broadening and overlapping of the transition lines. 
The red emission at this concentration became more intense as compared to the other 
concentrations. From this work, increasing the Er3+ resulted in a relative increase in 
the red emission intensity, similar observations have been made by Capobianco 
[6.11] when nanocrystalline Er3+ was added to bulk and cubic Y 203 crystals. To 
further illustrate the increment of intensities in red and green emissions with respect 
to the dopant concentration, an upconversion intensity ratio (VIR) was calculated 
with the peaks at 553.5nm (GS53.s), 560nm (G560) and 676nm (R676). Taking these 
peaks for each concentration and dividing one by the other and plotting the ratio 
versus the dopant concentration gives Figure 6.37. An increased intensity ratio is 
seen as the dopant concentration increases. Figure 6.38 shows the relationship 
between the red and the green emissions. 
Figures 6.39 to 41 present the upconversion spectra of the co-doped Y AG fibres. The 
emission profile of the various co-doped fibres appears similar to that of the Imol% 
Er3+ singly doped Y AG fibre. The differences are that the red emission is much more 
intense and this intensity increases with dopant concentration. Figure 6.42 shows 
VIR of the peaks Gs601G553 for the co-doped fibres where the change between the 
peaks is seen to be minimal or possibly not at all. This was also observed by Balda 
[6.7] with Er3+ + Yb3+ doped lead-niobium-germanante glasses: that the green 
emission stayed consistent and only the red emission spectrum increased with the 
increase in Yb3+ concentration. Work done by Matsuura [6.12] stated that in 
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Er3+ + Yb3+ doped Y 203 nanocrystals at 2mol % of Yb3+ concentration, the intensity of 
the 2Hlll2+ 4S3/Z--~ 411512 transitions reached a maximum. Figure 6.42 shows the current 
work is in agreement with [6.7] and [6.12]. The influence of Yb3+ has improved the 
mechanism of the energy transfer within the system and Figure 6.43 shows that Yb3+ 
had increased the efficiency of the up conversion process. 
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Figure 6.35: Spec YAIIO - Y 3Als012:Er3+ (5mol %) 
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Figure 6.36: Spec Y AI 13 - Y 3Als012:Er3+ (IOmol %) 
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Figure 6.38: Y 3Als012:Er3+ VIR at green and red emission 
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Figure 6.39: Spec Y AI 16 - Y 3Als012:Er3+ + Yb3+ (lmol % ea) 
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Figure 6.40: Spec Y AI 20 - Y 3Als012:Er3+ + Yb3+ (1 +2mol %) 
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Figure 6.41: Spec YA119- Y3AIs012:Er3++Yb3+ (1+3mol%) 
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Figure 6.42: Y 3Als012:Er3+ + Yb3+ Upconversion intensity ratio 
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6.7 Fluorescence Lifetime Measurement 
In this section, investigations were carried out under room temperature conditions to 
determine the fluorescence lifetime from the 411312-411512 and 411112-411512 transitions 
for the Y AG fibres with different dopant concentrations. The lifetime decay of 
individual peaks located in the 411312 manifold was investigated, along with analysis 
of the influence of laser power on the lifetime decay. Results from these findings are 
presented in this section. Experimental layout on this was earlier discussed in 
Chapter 5.3.3. 
6.7.1 Results and Discussion 
Fluorescence lifetime experiments were carried firstly on the singly doped Er3+: Y AG 
fibres. From the fluorescence spectra in Section 6.5, several peaks were observed at 
1528.5nm, 1568nm, 1612nm, 1628.5nm, 1640.5nm, 1652.5nrn and 1668nm when 
excited with the 975nm laser diode. The fluorescence lifetime of each of these peaks 
was taken using a monochromator acting as a bandpass filter. Figures 6.44 and 45 
show the typical fluorescence lifetime curves at 1528.5nm and 1612nm. The 
experimental lifetime results are denoted by the boxes seen in the two figures. Using 
the EASYPLOT curve fitting function, a curve (solid line exponential curves seen in 
the figures) was fitted to the experimental results and the decay, t, was calculated. 
Figures 6.46 and 47 show that the fluorescence lifetime increased as the dopant level 
increased. Figure 6.48 shows the lifetime of the individual peaks taken for the singly 
doped fibres from 0.5 to lOmol%. It can be seen for the different dopant 
concentrations that as the mol% increased, the t value increased. The results also 
show that all peaks (for all the fibres) that fell in the 4113/2-411512 transition had 
approximately the same decay time. The fluorescence lifetime of the singly doped 
fibres ranged from -6ms to -8ms, see Table 6.3. There was no evidence of 
fluorescence quenching even at lOmol% since the decay time increased rather than 
decreased. As for the co-doped fibres, Figures 6.49 to 51 show the typical 
fluorescence decay curves. From Figure 6.49, it is observed that the lifetime at 
wavelength 1027nm was faster than compared to Er3+ wavelengths at 411312-411512 
transitions. At 1027nm, the decay time of the co-doped fibres remained similar even 
though the Yb3+ dopant concentration had increased. No significant change in 't was 
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observed when the fibres were co-doped with Yb3+, see Figure 6.52. From Figure 
6.53, it is observed that there is no significant difference in decay lifetimes for peaks 
from the 4113/2 transition between the singly doped Er3+ (lmol%) and co-doped fibres. 
The addition of Yb3+ ions did not influence the lifetime of the 4113/2 emission. Table 
6.4 shows the average fluorescence lifetime of the co-doped fibres. For 4113/2 
transition lines, the fluorescence decay is -6ms and at the peak 1027nm, -1ms. This 
lifetime is close to the work done by Shi [6.13]. 
Investigations were also conducted to determine the influence of laser power to the 
fluorescence lifetime at 4113/2-411512 transitions. A long pass filter was used to 
eliminate wavelengths under 1250nm. Figures 6.54 to 57 show the usual 
fluorescence lifetime curves for the singly doped YAG fibres. The r2 values in all the 
curves were close to 1 which indicated that the curves were well fitted. Figure 6.58 
shows that at a laser power of 180mA (-95mW) the fluorescence lifetime increased 
with the dopant concentration. This result was similar to that done on the individual 
peaks with a fluorescence decay lifetime in the range of -6ms to -8ms. Figure 6.59 
shows the fluorescence decay lifetime for each fibre at different laser powers (drive 
currents ranging from 40mA to 200mA). The results show that the lifetime remained 
consistent with the different pump powers. The lifetime at 0.5mol% Er3+ was 6.2ms, 
which was in agreement with Cornacchia [6.5] and for the high concentration of 
lOmol%, the lifetime was at 7.9ms, similar to the work done by Pollack [6.14]. Table 
6.5 shows the lifetime decay at different laser powers. When similar experiments 
were done on the co-doped fibres, the results again showed that laser power did not 
affect the lifetime. Figures 6.60 to 62 show the typical fluorescence curves were well 
fitted as the r2 valves were closed to unity. It is seen from Figure 6.63 that lifetime 
for three co-doped fibres pumped at 180mA were -6.9ms. No change was observed 
when Yb3+ was added to the fibres and fluorescence decay of the co-doped fibres 
showed no change from the singly doped Er3+ (lmol%) fibre, see Figure 6.64. Table 
6.6 shows the average fluorescence decay of co-doped fibres at different laser 
powers. 
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Figure 6.46: Y3Als012:Er3+ Fluorescence lifetime (T) at 1528.5nm 
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Figure 6.47: Y3Als0 12:Er3+ Fluorescence lifetime (T) at 1612nm 
at different concentrations 
0.0082 ...-----.---------.-----.....------.....-------, 
0.0078 
0.0074 
0.0070 
0.0066 
0.0062 L-_---'-___________ "'--____ -'--_----i 
0.5m~% 1m~% 5m~% 10m~% 
Er3+ concentrations 
167 
o Q) 
(/) 
-... 
Q) 
E 
~ 
>-ro 
o 
Q) 
CI 
Figure 6.48: Y 3Als012:Er3+ Fluorescence lifetime 
(T) at 411312 at different concentrations 
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Table 6.3 - Y3Als012:Er3+ Fluorescence lifetime (T) at 4113/2 
Wavelength 0.5 mol% 1 mol% 5mol% lOmol% 
(nm) (t) ms (t) ms (t) ms (t) ms 
1528.5 6.3 6.9 7.3 7.4 
1569 6.4 6.9 7.4 8.1 
1612 6.5 7.0 7.5 8.0 
1628.5 6.3 7.0 7.5 7.9 
1640 6.5 6.9 7.5 8.0 
1652.5 6.5 6.8 7.5 7.8 
1668 4.8 6.7 7.8 7.7 
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Figure 6.49: Spec YAI20 - Y3Als012:Er3++Yb3+ (1+2mol%) 
Fluorescence lifetime (T) at 1027nm 
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Figure 6.50: Spec YAI20 - Y3Als012:Er3++Yb3+ (1+2mol%) 
Fluorescence lifetime (T) at 1528.5nm 
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Figure 6.51: Spec YAI20 - Y3Als012:Er3++Yb3+ (1+2mol%) 
Fluorescence lifetime (t) at 1612nm 
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Figure 6.52: Y3Als012:Er3++Yb3+ Fluorescence lifetime (T) 
at l027nm for different concentrations 
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Figure 6.53: Y 3Als012:Er3+ + Yb3+ Fluorescence lifetime 
(T) at 411312 for different concentrations 
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Table 6.4 - Y3Als012:Er3++Yb3+ Fluorescence lifetime (T) at different peaks 
Wavelength 1 mol% (ea) 1 + 2 mol% 1+ 3 mol% 
(nm) (r) ms (r) ms (r) ms 
1027 1.2 1.3 1.1 
1528.5 6.8 6.9 6.9 
1569 6.8 6.9 6.9 
1612 6.7 6.8 6.7 
1628.5 6.8 6.9 6.8 
1640 6.8 7.0 6.8 
1652.5 6.7 6.9 6.7 
1668 6.9 6.8 6.8 
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Figure 6.54: Spec Y Al 08 - Y 3AIs012:Er3+ (0.5mol %) 
Fluorescence lifetime (T) at 180mA 
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Figure 6.55: Spec Y Al 09 - Y3Als012:Er3+ (lmol %) 
Fluorescence lifetime (T) at 180mA 
0.10 
2.0 ~--------~--------~--------~--------~-------. 
1.5 
1.0 1 (t)=I.·exp(-Vt)+C max dev:0.0319, (=0.999 
o , 
';=2.30, t=0.006n, C=0.140 
0.5 
OL---~--~------~------~--------~----~ 
o 0.02 0.04 0.06 0.08 0.10 
Time / sec 
174 
Figure 6.56: Spec YAIIO - Y3Als012:Er3+ (5mol%) 
Fluorescence lifetime (T) at 180mA 
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Figure 6.57: Spec YAI13 - Y 3Als012:Er3+ (lOmol %) 
Fluorescence lifetime (T) at 180mA 
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Figure 6.58: Y3Als012:Er3+ Fluorescence lifetime (T) at 180mA 
at different concentrations 
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Figure 6.59: Y3Als012:Er3+ Fluorescence lifetime (T) at different 
laser power settings 
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Table 6.5 - Y3AIs012:Er3+ Fluorescence lifetime (t) at different laser current 
setting 
Laser Current 0.5 mol% 1 mol% 5mol% 10 mol% 
(rnA) (t) ms (t) ms (t) ms (t) ms 
40 6.5 7.0 7.3 8.2 
60 6.6 6.9 7.6 8.0 
80 6.3 6.8 7.5 8.0 
100 6.2 6.8 7.6 8.0 
120 6.1 7.0 7.5 7.9 
140 6.2 6.8 7.5 7.8 
160 6.4 6.8 7.6 7.9 
180 6.0 6.8 7.5 8.0 
200 6.2 6.9 7.6 7.9 
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Figure 6.60: Spec YAl16 - Y3AIs012:Er3++Yb3+ (Imol%ea) 
Fluorescence lifetime (T) at 180mA 
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Figure 6.61: Spec Y AI 20 - Y 3A1s012:Er3+ + Yb3+ (1 +2mol %) 
Fluorescence lifetime (T) at 180mA 
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Figure 6.62: Spec Y AI 19 - Y 3Als012:Er3+ + Yb3+ (1 +3mol %) 
Fluorescence lifetime (T) at 180mA 
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Figure 6.63: Y 3Als012:Er3+ + Yb3+ Fluorescence lifetime (T) 
at 180mA at different concentrations 
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Figure 6.64: Y 3Als012:Er3+ + Yb3+ Fluorescence lifetime (T) 
at different laser current settings 
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Table 6.6: Y3Als0 12:Er3++Yb3+ Fluorescence Lifetime (T) at different laser 
current settings 
Laser Current 1 mol% (ea) 1 + 2 mol% 1+ 3 mol% 
(rnA) (t) ms (t) ms (t) ms 
40 6.9 7.1 6.7 
60 6.9 6.9 6.8 
80 6.8 7.0 6.7 
100 6.9 6.9 6.9 
120 6.9 7.0 6.8 
140 6.8 7.0 6.8 
160 6.9 7.0 6.9 
180 6.9 7.1 6.9 
200 6.9 6.9 6.9 
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7 Y 203 - Single Crystal Fibre 
7.1 Introduction 
Yttrium oxide, Y 203, makes a very attractive laser medium due its very high thermal 
conductivity, K. It is has a K = 27 W/mK whereas Y AG has a K = l3 W/mK [5.8]. 
Y 203 has a very close ionic radius with rare earth ions (for example y 3+ = 0.892 A 
and Er3+ = 0.881 A) with two sites, C2 and C3i of a body centred cubic structure. 
Therefore rare earth ions can easily be doped in Y203, even large amounts can be 
incorporated without distorting the lattice [7.1]. In the 1970s, Haggerty [2.7] was the 
first to grow Y 203 SCF's, the method used was the floating zone technique. Stone 
and Burrus [2.l3] were the first to grow Y203 SCF using the LHPG method and 
these doped fibres were employed as fibre lasers. The fibres grown were of good 
optical quantity but under storage cracks appeared due to moisture in the 
environment. Previously, growing Y20 3 fibres had not been easy because of its high 
melting temperature, 2450°C. Moreover, the fibres had very poor mechanical 
properties. Extra care was required when handling these fibres because they were 
brittle and were easily broken. Goutaudier [7.2] had demonstrated the possibility of 
growing high quality pure Y 203 fibres using LHPG technique and had introduced a 
post growth thermal treatment. This increased the homogeneity of the thermal 
gradient between the molten zone and the crystallization interface. Y 203-Zr02 SCF 
[2.56] grown by the LHPG method have been employed an ultra-high temperature 
sensors. The combination of the two materials greatly increases the melting point to 
2700°C. However, these fibre sensors do not have ideal optical and mechanical 
properties. Y 203 is also commonly investigated in the area of optical waveguides due 
to the long fluorescence lifetime of Er3+ at 1.53t£m, it's broad transparency range 
from 200nm to 8t£m, high refractive index and low phonon energy [7.3]. In this 
work, Er3+ ions of different concentration levels were doped in Y 203 powder and 
then grown by LHPG into fibres. Since it can be easily doped with rare earths, high 
Er3+ concentrations of 59mol % were doped into crystal. The two aspects of 
characterisations that were carried out on the fibres were physical and optical. 
Physical characterisation comprised diameter and strength measurements while 
optical characterisation comprised absorption, fluorescence, upconversion and 
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lifetime measurements. Results and discussion for these experiments are presented in 
this chapter. 
7.2 Diameter Measurement 
Experimental set-ups were discussed in Chapter 5.2.1. Specimens 47, 48 and 49 were 
grown specifically for diameter measurements. Subsequently, they were also used for 
mechanical testing measurements. The three fibres were grown under similar 
conditions, as with the Y AG fibres discussed in the previous chapter. The Y 203 
fibres were grown from cold pressed source rod. 
7.2.1 Results and Discussion 
Data collected from the Filar Eyepiece Technique indicated that the average diameter 
of the Y203 fibres fell in the range of 390 to 430llm. The diameter of the each fibre 
was measured three times and the measurements were made with an interval of 
0.5mm along the length. The diameter variation error was not more than 31lm. The 
source rod for Y 203 were the easiest to handle as compared with Y AG and Ah03, 
but in order to fabricate it with the dimensions for it to be held in the miniature pin 
chuck, the source rod had to be roughed down and this process was done manually. 
This resulted in some inconsistency of diameters from fibre to fibre. The average 
diameters and standard deviations are presented in Table 7.1. Similar to the Y AG 
fibres in the previous chapter, it was observed that the deviation from the mean for 
all fibres was large. Figures 7.1 to 3 show variations of diameter along the length of 
the three fibres. These fluctuations arise due to the instability of the molten zone 
during the growth process. The laser power required to grow Y203 was -22W, see 
Figure 4.5. The output power was prone to fluctuating and this could be the likely 
reason for the instability in the melt. The fibres were not circular but were hexagonal, 
and this could contribute to some measurement errors. As mentioned before, the 
scope of the work for this section does not require optical quality fibres or fibres with 
high circularity. The diameter measurement gives a general indication of the physical 
property of the grown fibre. 
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Table 7.1- Y203 fibre diameter measurements 
Specimen Name 
Spec 47 
Spec 48 
Spec 49 
Average Diameter 
(Jlm) 
394.24 
430.16 
392.52 
Standard Deviation 
(Jlm) 
19.31 
13.53 
20.86 
Figure 7.1 : Spec 47 - Y 203 fibre diameter measurement 
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Figure 7.2: Spec 48 - Y203 fibre diameter measurement 
y=a max dev:29.8 
a=430 
mean: 430.163 
sdev: 13.5356 
var : 183.213 
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Figure 7.3 : Spec 49 - Y20 3 fibre diameter measurement 
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7.3 Mechanical Testing Measurement 
Among the three oxide materials in this work, Y 203 is the weakest in its mechanical 
strength. Fibres grown in this work were grown under the same condition and the 
experiments were conducted at room temperature. To reduce the number of inner 
micro-cracks, fibres were grown in short lengths [2.56]. 
7.3.1 Results and Discussion 
The three-point bending test was carried out on the three fibres and Table 7.2 shows 
the result of the experiments. Refer to Chapter 5.2.2 for experiment layout. The 
forces, F, recorded show that as the fibre diameter increased, the forces for 
deformation increased with it. The overall length of Spec 47 was too short for testing. 
Therefore, the length, 1, between the two supporting legs was reduced to 18mm from 
19mm. The forces measured from the experiments were then substituted into 
equation 5.2 and the bending/shear strength, S, calculated. Table 7.2 shows that, in 
this case, S was the highest when the diameter was the smallest. There was no 
significant difference in S between Spec 47 and Spec 48 even though the diameter 
difference was large. The calculated mean, Sm, among the three fibres is O.66MPa 
and has a standard deviation of O.08MPa. Figure 7.4 shows the force (N) and 
deformation (mm) for Spec 47. The forces required to strain the Y203 fibres to failure 
were the lowest of the three oxides examined. From [2.7] and [2.13], Y20 3 was 
reported as brittle and cracks were also observed over a period of time due to 
moisture in the air. Micro-cracks in the fibres, see Figure 4.27, were observed in this 
work too and the fibres produced were extremely brittle. It can be observed that the 
maximum deformation was O.69mm, followed by breakage of the fibre. The results 
collected show that diameter was an indirect factor that would affect the S value. In 
order for a more in-depth study, a larger sample size and more fibres would be 
required so that the accuracy of S could be improved. The purpose of this experiment 
was to give a quick and simple analysis of the strength of the fibre produced by the 
LHPG method. 
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Table 7.2 - Y Z0 3 fibre mechanical testing measurement 
Specimen Diameter Force, F M -lrdX ShearlBendin 
- 32 g Strength, S Name (J.lm) (N) (XlO-12) (MPa) 
Spec 47 394.24 0.94 6.02 0.70 
Spec 48 430.16 1.17 7.82 0.71 
Spec 49 392.52 0.71 5.94 0.57 
Figure 7.4: Three-point bending test on Spec 47 
1.0~--------~---------~-------~---------~-------~ 
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7.4 Absorption Spectrum Measurement 
Investigations were carried out on Y 203 fibres singly doped with Er3+ ions to identify 
their absorption spectrum from 400 to 1700nm for six different dopant 
concentrations. The fibres were doped with Er3+ content of 0.03,0.06,0.3,3.1,6 and 
59mol%. All SCF fibres were prepared by cold pressing and grown by the LHPG 
method. Discussions on the experimental set-up and equipment were made in 
Chapter 5.3.1. This section presents the results of the absorption spectra of the Y20 3 
fibres. 
7.4.1 Results and Discussion 
The results presented are in the range of 400 to 1200nm, and 1400 to 1800nm. Two 
photodiodes were required for the absorption spectrum experiments: one for the 
visible region to low infrared while the other was employed for the absorption bands 
in the higher infrared range. Sharp and narrow linewidths were only prominent at 
low Er3+ concentrations (0.03, 0.06 and 0.3mol%) and at higher concentrations (3.1, 
6 and 59mol %) these linewidths broadened to form wider bands. Figures 7.5 to 16 
show the absorption spectrum of the Y 203 fibres investigated. Absorption peaks were 
observed in the 2HII12, 4F912 , 419/2, 411112 and 411312 manifolds. No absorption was 
observed for the manifold 4F7I2. In the 2HII12 manifold, several narrow peaks at 
519nm, 521nm and 525nm were seen at low concentrations. See Figure 7.5. At a low 
dopant level, the 2HII/2 manifold had the strongest absorption intensity. However, as 
the dopant level was increased, this manifold became the weakest, see Figure 7.15. 
The 4F9/2 manifold exhibited noticeable peaks at lower concentration levels. Peaks 
were consistent throughout the low concentrations fibres. Among these the 
prominent peak at 653nm was the strongest in this manifold at low dopant 
concentrations. When doped at high dopant concentrations, these peaks broadened as 
before. See Figure 7.11. At 3.1mol%, the 4F9/2 manifold had a 17.5nm linewidth 
which centred at -655nm. The linewidth at this manifold increased with dopant 
concentration. When doped at 6mol%, the linewidth was 21nm centred at -655nm 
and at 59mol%, the linewidth was 50nm, centred at -655nm. Table 7.3 shows the 
summary of the linewidth at different dopant concentration levels. Peaks appearing 
in the 419/2 manifold for low dopant concentrations were situated at 791nm, 797nm 
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and SOlnm. Although there were peaks at 7S9nm and S04nm at 0.03mol%, these 
peaks were no longer distinguishable as the dopant level increased. See Figures 
7.11,13 and 15. The absorption of the 4111/2 manifold at 0.03mol% was very weak, 
the signal being only slightly above the background noise, see Figure 7.5. The 
highest peak at this concentration was at 974nm but the absorption profile changed at 
the next higher concentration level. The absorption linewidth became wider as 
concentration increased. In the 4113/2 manifold, a distinctive peak was observed at 
1530mn. This peak was observed in dopant concentrations of 0.03, 0.06, 0.3 and 
3.1mol%. At 0.03 and 0.06mol%, the absorption at this manifold had relatively weak 
and narrow absorption lines. See Figures 7.6 and 7.S. Absorption fell within the 1550 
to 1570nm region at these concentration levels. This absorption spectrum extended to 
the 1450nm region as the concentration increased. More peaks emerged at higher 
dopant levels, see Figure 7.10. These narrow absorption lines started broadening at 
6mol%. At 59mol% concentration, see Figure 7.16 a plateau at the top of the 
absorption band was evident in spectrum. This signified that in the region -1450 to 
-1575nm, full absorption which did not permit any light to pass through was 
experienced. Peaks at 1637nm, 1650nm and 165Snm in the 1600nm region also 
become apparant. From Figure 7.15 (insert) when the halogen lamp shape was 
superimposed onto the absorption spectrum, it was observed that the absorption 
spectrum had several points where we experienced complete absorption. A 
combination of low lamp power and detector insensitivity meant that no signal could 
be measured at these points. 
From these spectra, it was observed that at high concentrations the narrow lines 
broadened and formed wider linewidths. The broadening effects resembled that seen 
in rare earth doped glasses where the absorption spectrum can stretch over a 
continuous range of wavelengths instead of narrow discrete lines. The high rare earth 
concentrations doped in the crystals could have influenced the crystal field splitting 
and instead of narrow lines appearing, a broad continuous range of wavelengths 
emerged in the spectrum. Homogeneous and inhomogeneous processes were also the 
possible causes of such effects in changing the structure of the Er3+ doped Y 203 
fibres into that similar to Er3+ doped glass fibres [7.4]. Another possible reason for 
the broadening effect could be contributed to the distorting of the crystal lattice under 
high concentration levels [6.10]. 
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Table 7.3 - Y203:Er3+ linewidth at different regions under different 
concentrations 
Dopant Linewidth (nm) 
Concentrations ------------------------
(mol%) 
3.1 17.5 14 
6 21 25 
59 50 59 
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7.5 Fluorescence Measurement 
Y20 3:Er3+ fibres were excited with 965nm and 975nm laser diodes; the results for 
these fluorescence spectra are presented in this section. From the absorption spectra, 
the low Er3+ concentrations had a weaker absorption at the 4113/2. Comparisons 
between the two laser diodes were made to verify which would be more appropriate 
for exciting these fibres. Detailed experimental layout has been discussed in Chapter 
5.3.2. 
7.5.1 Results and Discussion 
When the fibres were excited with the 965nm and 975nm laser diode, a weak green 
emission was observed for all the fibres except the fibre with 59mol% where red 
emission was seen. Visible emission from the fibres indicated that an upconversion 
process had taken place. Further discussion on this process will be made in the 
following section. Figures 7.17 to 28 show the fluorescence emission spectrums of 
the fibres by the two laser diodes at the low concentrations. Emissions were observed 
at 411112_4115/2 and 4113/r .. 4115/2 in the experiments for both the high and low 
concentration fibres. In the 411112-411512 transition, three strong peaks at 1003.5nm, 
1010nm and 1028.5nm were observed when excited by both the diodes. Transitions 
at the 411112 manifold were also observed by Polman [7.1] when Er3+ was doped in a 
Y203 thin film. The emission profiles in this work were similar to Polman at the 
-lOOOnm region. The strongest peak at the 4111/2 transition was at 1009.5nm, the 
intensity being relatively weak for all three low concentration (0.03, 0.06 and 
0.3mol%) fibres as compared to the 411312-4115/2 transitions. When excited with the 
975nm laser diode, the 411312 transition manifold peaked at I441nm, I448nm, I60Inm 
and I680nm. See Figure 7.19. These peaks were similar to those in the Y AG fibres 
mentioned in Chapter 6.5.1. A possible cause of these peaks could be the presence of 
impurities in the host material or contamination in the apparatus. These peaks were 
only observed when excited with the 975nm laser but not when the 965nm laser was 
used. One way to determine if impurities were present in the fibres would be to 
conduct an electron micro-probe analysis (EMPA). For low concentration Er3+ 
doped Y 203 fibres, the common transitions from the 4115/2 manifold when excited by 
either laser diode were at I530.5nm, 1550nm I573nm and I636.5nm. When excited 
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at 965nm, the -1450nm region had broader linewidths and the intensity in this region 
was stronger, see Figures 7.18, 22 and 26. Compare this to using an excitation source 
at 975nm, see Figures 7.20, 24 and 28. From these figures, one can observe, two 
additional peaks at 1650nm and 1658nm. These peaks were not prominent when the 
975nm laser was used. One possible reason for this was because the absorption band 
at the 4111/2 manifold had several weak and narrow absorption lines and the 975nm 
laser produces a relatively narrow emission line, see Figure 5.13. This reduced the 
excitation efficiency of the Er3+ ions. The 965nm laser had a broader linewidth which 
ranged from 960nm to 970nm, see Figure 5.12. This range covered approximately 
half of the absorption band at the 411112 manifold which promoted a more effective 
energy transfer within the system and therefore explained the stronger emission in 
the 1600nm region. The general fluorescence emission profiles produced by the two 
laser diodes at the low concentrations were in agreement with work done by 
Laversenne and Georgobiani [7.5, 6]. Narrow peaks were observed at low 
concentrations (0.03, 0.06 and O.3mol%) while at higher concentrations (3.1, 6 and 
59mol %) these narrow peaks merged and formed a wider linewidth. From this work, 
it was found that the fluorescence spectra at high concentrations were similar when 
excited by both laser diodes. The reason for this similarity could be explained by the 
wide absorption linewidth of the 411112 manifold. The absorption linewidths for the 
high concentration fibres were at -950 to lOOOnm which was sufficiently wide to 
cover the emission lines of the two laser diodes. In this section, only the fluorescence 
emission results from the 965nm laser diode are presented, see Figures 7.29 to 34. 
Stark line broadening at the 4113n manifold was observed in all the high concentration 
fibres. At 3.1mol%, see Figures 7.29 and 30, the 1400nm region seemingly merged 
with the 1500nm region. The narrow peaks, for example the 1530.5nm and 1550nm, 
seen at the low concentrations overlapped and formed a broader bandwidth which 
had a linewidth of 47nm. Again these broadened fluorescence emission profiles were 
similar to that seen in Er3+ doped glass fibres. The peaks in the 1600nm region had a 
stronger intensity where 1636.5nm was the strongest peak in this region. The 411112 
transition manifold also increased its intensity. At this dopant level, the peak at 
1010nm was the strongest peak among the two manifolds. When doped with 6mol%, 
the broadening effect became more evident. The linewidth at this concentration was 
64.5nm, which was wider than that seen for the 3.1mol%. See Figure 7.32. From 
Figure 7.31, one can observe that at 6mol%, the intensity at transition 4111/2 has 
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increased. Peaks in the 1600nm region have become more intense. At a 59mol % 
dopant level, the fluorescence emission was only observed from -1575nm to 
1675nm, see Figure 7.33. The 1400nm to 1575nm region was no longer seen. It is 
likely that high Er3+ dopant concentration had distributed the crystal field to the point 
where some of the Stark lines were no longer apparent. Broadening of the existing 
lines also created a wide bandwidth ranging from -1575nm to 1675nm. At this 
dopant level, the linewidth was 72nm. Peaks at 1650nm, 1656nm and few others 
were observed, see Figure 7.34. It was clear that the broadening of the fluorescence 
emission spectra were due to the increase in the Er3+ ion concentration. The changes 
in the crystal structure due to the introduction of Er3+ ions distorted the lattice 
probably leading to dislocation and interstitial defects possibly contributing to the 
broadening effects [6.10]. In this reference, under low dopant level conditions, 
discrete lines were observed in crystals. Also, continuous emission bands, similar to 
those seen in this work, were observed in glass hosts. A broad emission band leads to 
a low stimulated emission cross section with a reduction in amplified spontaneous 
emission generation. This would raise the threshold for laser action, but permit 
storage of energy for pulsed lasers and low noise for amplifiers, advantages for the 
telecommunication arena [7.7, 6.10]. 
The change in the peak intensities with respect to the dopant concentrations were 
further illustrated by examining the fluorescence intensity ratio (FIR). Peaks 1010nm 
(11010), 1530.5nm (11530.5), 1636.5nm (11636.5) and 1650nm (11650) were chosen to 
demonstrate the relationship between the changes. From Figures 7.35 and 36, the 
intensity ratio started with a gradual increase until, at high concentrations a dramatic 
increase is seen producing a very steep gradient. There was no discernable peak at 
1530.5nm for 59mol% fibres. In order to have a comparison for all doped Y203 
fibres, the intensities at 1010nm and 1636.5nm were used. See Figure 7.37. From this 
figure, it is observed that for all concentrations except 59mol%, the ratio intensity 
(between 1010nm and 1636.5nm) was constant as the concentration increased. 
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Figure 7.17: Spec 42 - Y20J:Er3+ (O.03mol%) Fluorescence 
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Figure 7.19: Spec 42 - Y203:Er3+ (0.03mol%) Fluorescence 
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Figure 7.20: Spec 42 - Y203:Er3+ (0.03mol%) Fluorescence 
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Figure 7.21: Spec 43 - Yz0 3:Er3+ (O.06mol%) Fluorescence 
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Figure 7.22: Spec 43 - Yz03:Er3+ (O.06mol%) Fluorescence 
spectrum with excitation source at 965nm (4113d 
1530.5nm 
1550nm 
1573nm 
1700 
o~----~~~~------~----~~~~~==~ 
1400 1450 1500 1550 1600 1650 1700 
Wavelength A. / nm 
204 
::J 
«i 
........ 
Q) 
u 
c: 
Q) 
u 
(J) 
Q) 
.... 
0 
::J 
u-
::J 
«i 
........ 
Q) 
u 
c: 
Q) 
u 
(J) 
Q) 
.... 
0 
:J 
u-
2000 
1600 
1200 
800 
400 
Figure 7.23: Spec 43 -Yz0 3:Er3+ (O.06mol%) Fluorescence 
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Figure 7.24: Spec 43 - Y20 3:Er3+ (O.06mol%) Fluorescence 
spectrum with excitation source at 975nm (4113/2) 
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Figure 7.25: Spec 44 - Y203:Er3+ (O.3mol%) Fluorescence 
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Figure 7.26: Spec 44 - Y 203:Er3+ (O.3mol %) Fluorescence 
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Figure 7.27: Spec 44 - Y 203:Er3+ (O.3mol %) Fluorescence 
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Figure 7.28: Spec 44 - Y20 3:Er3+ (O.3mol %) Fluorescence 
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Figure 7.29: Spec 18 - Y203:Er3+ (3.1mol%) Fluorescence 
spectrum with excitation source at 965nm 
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Figure 7.30: Spec 18 - Y203:Er3+ (3.1mol%) Fluorescence 
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Figure 7.31: Spec 20 - Y203:Er3+ (6mol %) Fluorescence 
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Figure 7.32: Spec 20 - Y203:Er3+ (6mol%) Fluorescence 
spectrum with excitation source at 965nm (4113/2) 
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Figure 7.33: Spec 19 -Y203:Er3+ (S9mol%) Fluorescence 
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Figure 7.34: Spec 19 - Y203:Er3+ (59mol%) Fluorescence 
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Figure 7.35: Fluorescence intensity ratio (FIR) 
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7.6 Upconversion Measurement 
In the previous section, it was observed that there were emissions in the visible 
regions and these are the telltale signs of upconversion processes taking place within 
the Er3+ ions. Refer to Chapter 3.3.3 for a discussion on the theoretical background 
on cooperative energy transfer upconversion. Experimental investigations were 
carried out to determine the emission behaviour of these transitions. Experimental 
layouts were discussed in Chapter 5.3.2. 
7.6.1 Results and Discussion 
The use of the 975nm laser diode at maximum power (120mW) was not able to 
provide a strong enough excitation source for detection with the photomultiplier tube 
(PMT) even through a visible green emission could be seen coming from the fibre. 
This possibly was due to the great loss of signal through the monochromator. 
However, there was not a problem for the PMT to pick up the visible light from the 
y 203:Er3+ fibres when the 965nm laser diode was employed. Figures 7.38 to 43 show 
the upconversion spectra measured in this work. At low concentrations (0.03, 0.06 
and O.3mol%), a strong green emission was observed. However, from the 
upconversion spectra, it can be seen that red emission was present but very weak. 
From the figures, it was observed that upconversion emission at the green were 
2HJ1/2+ 4S3/2-+4I15/2 transitions ranging from 515nm to 575nm and the red was 
4F9/2-+ 4115/2 transition ranging from 630nm to 700nm. At low concentrations, for the 
green emission, several peaks were observed, 553nm and 563nm being the strongest 
among them, see Figures 7.38 to 40. The green upconversion profile at these low 
concentrations was in agreement with the work done by Korzenski [7.8]. For this 
work, at low concentration, seemingly nothing was observed in the red emission. The 
reason for 4F9/2-+ 4115/2 transitions not being detected was because the 
2HII/2+ 4S3/2-+4115/2 transitions intensities were too strong. In order to attain a decent 
upconversion spectrum of the red emission, sensitivity on the lock-in amplifier had to 
be increased and the slits of the monochromator opened to -300/lm. The inserts in 
Figures 7.38 to 40 show the red emission. The relative intensities of the red emission 
transitions increased with increased Er3+ concentrations. Figure 7.40 showed that 
within the same scale of the green emission, the red emission was visible when the 
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Er3+ dopant level increased to O.3mol%. The sharp lines seen at the low dopant 
concentrations signified that broadening was small, implying that the crystal lattices 
in the Y 203 SCF were not unduly disrupted by the Er3+ ions and that these ions were 
located in the well defined positions in the crystal [7.1]. At high concentrations (3.1~ 
6, 59mol%), the narrow sharp lines started overlapping and formed broader 
bandwidths. Figures 7.41 to 43 show the upconversion emission spectra for high 
dopant concentrations. Visible green emission was seen for all these fibres. The 
green emission was strong enough that the red emission could not be seen by eye. 
See Figure 7.45. When doped at 59mol% of Er3+ concentration, see Figure 7.43, both 
the green and red emission spectrums were equally intense. From the fibre, a strong 
orange/reddish colour was seen from the fibre at this concentration. See Figure 7.46. 
Most of the green emission seen at this dopant level was only from the 4S312-+4115/2 
transition. It is speculated that these equally intense emissions from both the green 
and red were a result of strong the Er3+ - Er3+ ion interaction. It is assumed that the 
neighbouring Er3+ ions were promoted to 4F712 and 4F912 from the 4111/2 manifold 
(excitation wavelength at 965nm) due to cooperative energy transfer upconversion. 
Broadening effects were observed for both the green and the red. These linewidth 
broadening effects were likely caused by dislocations or interstitial defects within the 
crystalline structure that distorted the crystal lattice [6.10]. Homogeneous and 
inhomogeneous process could be possible contributions to the broadening of 
linewidths. Due to the broadening effects, the peaks shifted to 564nm and 682nm at 
the green and red emissions respectively. The increase in peak red emission with 
increasing Er3+ concentration was also observed by Capobianco [6.11] when 
nanocrystalline Er203 was doped in bulk and cubic Y 203 crystal. 
To obtain a better understanding of the changes of the green and red intensities at 
different dopant concentrations, the upconversion intensity ratio (VIR) of the green 
over the red emission versus the dopant concentrations were plotted. The peak at 
563nm (GS63) in the green emission and at 681nm (R681) were chosen. Dividing the 
peak intensity at 1681 by peak intensity at 1563, these ratios were then used to form a 
relationship with the dopant level, see Figure 7.44. It was observed that as the 
concentration level increased, the intensity ratio between the two peaks increased 
correspondingly. At low concentrations, virtually no increment was seen. Intensity 
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ratios only increased at the high concentrations. 59mol% was not included due to the 
change in peaks wavelengths. 
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Figure 7.45 - Spec 42 Y 203:Er3+ (O.03mol % ) SCF 
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7.7 Fluorescence Lifetime Measurement 
The measurement of the fluorescence lifetime was carried out for the Er3+ doped 
Y20 3 fibres at the 41Il12-4115/2 and 411312-4115/2 transitions. The peak at 1010nm in 
the 411112 manifold and the two peaks at 1530nm and 1550nm in the 4113/2 manifold 
were the strongest, and the lifetimes at these wavelengths were studied in detail. The 
overall decay within the 411312 manifold was also investigated. These results were 
recorded in this section. Refer to Chapter 5.3.3 for experimental layouts. 
7.7.1 Results and Discussion 
From the fluorescence spectra in section 7.5, it was observed that there were several 
strong emission peaks from the 411112 and 4113/2 manifolds. Fluorescence lifetime 
measurements were taken for peaks at 101Onm, 1530nm and 1550nm, and integrated 
over the transition 411312-4115/2. Figures 7.47 to 51 show a single exponential profile 
of the fluorescence lifetime for the variously doped fibres at 101Onm. The squares in 
the figures indicate the experimental data whereas the solid lines were fitted by 
EASYPLOT. At a concentration of 59mol%, the 1010nm peak was replaced by 
measurements at 1028.5nm. See Figure 7.33. Therefore, this fibre was not included 
in the subsequent comparisons. The r2 values for the low dopant concentrations of 
0.03, 0.06 and 0.3mol% were further away from 1 as compared to the higher 
concentration levels. 0.03mol% was the furthest from unity as compared with the 
other fibres investigated for this peak. See Figure 7.47. 
The signals received by the photodetector were relatively weak for the low 
concentration fibres. As shown previously as concentration levels increased, the 
intensity of the transition at the 411112-411512 transition also increased improving 
signal quality and signal-to-noise ratio. The increasing intensity can be seen the 
decay profile in Figures 7.48 to 51 where the r2 values were closer to unity. The use 
of the monochromator as a bandpass filter also further weakened the signal as the 
radiation from the fibres had to travel through the monochromator before reaching 
the photodetector. Employing a proper bandpass filter at this wavelength would 
further enhance the signal-to-noise ratio. Figure 7.52 shows the fluorescence lifetime 
of the fibres versus dopant concentration and it is observed that at 0.03mol%, the 
average fluorescence lifetime, t, was significantly lower than the rest. There is an 
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increase in 't at 0.06mol% to 3.3ms and it remained in the 3ms region for other 
dopant concentrations. For these fibres, it is observed that there is no significant 
increase or decrease in lifetime but it remains consistently within the 3ms region 
from 0.06mol% to 6mol% of Er3+ doped in Y203. To see a more distinct trend line, 
additional ranges of concentrations would be are required. Table 7.3 shows the 
average fluorescence lifetime of the fibres at 101Onm. 
The next fluorescence lifetime was investigated at 1530nm. The fibre dopant at 
59mol% did not exhibit any emission in the 1500nm region. Therefore, comparison 
was only done for the other five concentration levels. Figures 7.53 to 57 show the 
typical fluorescence lifetime profile. Since the peak at 1530nm was the strongest for 
the low concentration fibres, it accounted for the increase in signal-to-noise ratio for 
these fibres. The increase in r2 value (closer to 1) for these fibres signified that the 
emission at peak 1530nm was stronger. See Figures 7.53 to 55. Figure 7.58 shows 
that increased concentration leads to increase in the fluorescence lifetime, 'to Table 
7.3 lists the average 't, at 1530nm. Again, when measuring 't at 1550nm, Er3+:Y203 at 
59mol% did not show any emission. Therefore, it was again excluded from this 
comparison. Figures 7.59 to 63 show the decay profile at 1550nm. Since the peak at 
1550nm was the weaker as compared with 1530nm, therefore the noise level also 
decreased. The r2 values at low concentrations were once again the furthest from 
unity. Figure 7.64 shows 't against the dopant concentration. An increase in dopant 
concentration increased the value of't. Table 7.3 shows the fluorescence lifetime of 
the fibres at 1550nm. 
The last fluorescence lifetime measurement was done across the entire transition 
411312- 4115/2. Figures 7.65 to 70 show the exponential lifetime profiles of all the fibres 
at this transition. It was observed that in all the experiments, at 0.03mol% 
concentration the signal-to-noise ratio was the weakest and the possible reason was 
the low dopant level within the fibre. From Figure 7.71, increasing dopant levels 
again increased the value of't. However at high concentrations (59mol%), the decay 
lifetime decreased. The results in this work are in agreement with the work done by 
Laversenne [5.8] and Auzel [7.9]. As the dopant concentration increased, the 't value 
increased with it. 't would then reach a plateau and would subsequently decrease if 
the more Er3+ was included in the fibre. Auzel showed in his work that at 
approximately 6mol%, 't began to decrease and at 60mol%, it fell to the 1ms region-
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a result in agreement with this work. The decrease in lifetime at high concentration 
dopant levels is likely due to concentration quenching and de-excitation of the 
emitting level of Er3+ by cooperative energy transfer or/and excited state absorption 
[5.8]. Table 7.4 shows the fluorescence lifetime, 't, of all the fibres at this transition. 
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Figure 7.51: Spec 20 - Yz0 3:Er3+ (6mol%) 
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Table 7.4· Yz0 3:Er3+ Fluorescence lifetime (T) at different wavelength 
Dopant 1010nm 1530nm 1550nm 4 level 11312 
(mol%) (t) ms ('t) ms (t) ms (t) ms 
0.03 1.2 8.2 8.1 7.4 
0.06 3.3 8.9 8.3 8.5 
0.3 3.7 9.1 8.8 9.2 
3.1 3.3 10.4 10.7 10.8 
6 2.9 12.6 10.8 12.4 
59 1.7 
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Figure 7.58: Yz0 3:Er3+ Fluorescence lifetime (T) 
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Figure 7.60: Spec 43 - Y20 3:Er3+ (0.06mol%) 
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-Figure 7.61: Spec 44 - Y203:Er3+ (O.3mol%) 
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Figure 7.64: Y20 3:Er3+ Fluorescence lifetime (T) 
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Figure 7.66: Spec 43 - Y 203:Er3+ (O.06mol %) 
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Figure 7.68: Spec 18 - Y203:Er3+ (3.1mol%) 
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Figure 7.69: Spec 20 - Y203:Er3+ (6mol%) 
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Figure 7.70: Spec 19 - Y20 3:Er3+ (59mol%) 
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8 Ah03 - Single Crystal Fibre 
8.1 Introduction 
Ah03, or sapphire, has a broad transmission band (spanning from 0.24 to 4/lm), high 
refractive index, high melting point (2040°C), good thermal conductivity, high 
tensile strength, and high hardness. Its mechanical properties are extremely attractive 
in structural reinforcement [8.1]. Work by Haggerty [2.7] showed that the 
mechanical strength of sapphire is excellent. Sapphire SCF's are also used for beam 
delivery in the medical field due to its excellent optical transmission in the mid 
infrared region. It is used as a waveguide delivering laser power at 2.9/lm from a 
Er3+:YAG laser [2.51]. Sapphire's low solubility in water, quality of being 
biologically inert, and its resistance to degradation under high powered beam 
delivery make it very attractive in this area. An appropriate length of fibre is essential 
in beam delivery. lundt [8.2] was able to used LHPG to produce sapphire fibres of 
length 2m with a constant diameter of 1l0/lm throughout this length. The tensile 
strength of sapphire fibre was discovered to be ten times that of fluoride and silver 
halide fibres. The sapphire fibre produced was also low in reflective losses. These 
observations showed that it was an excellent choice to be employed as a power 
delivery system for medical applications. 
AI203:Cr3+ (ruby) was the first material to be used as a solid state laser. Ah03:Cr3+ 
SCF's have been extensively investigated. Research carried out includes that of 
Burrus and Stone [2.12] on ruby clad fibres, and also work done on ruby tensile 
stress in relation to ruby's R lines [8.3]. A1203:Ti SCF lasers have also been greatly 
investigated [8.4]. Transitional metal ions like Cr3+ and Te+ are known to be easily 
incorporated into sapphire. However, the Al site is too small for substitutional 
replacement by rare earth ions. As such, there are difficulties in incorporating high 
contents of rare earth into sapphire [8.5]. Despite the difficulties, Seat [2.57] was 
able to dope at the tip of the sapphire fibre with Er3+ ion at a high concentration of 
-12wt% where this fibre was used as a temperature sensor. In this work, pure Ah0 3 
fibres and doped fibres, both with rare earth and transition metal ions, were grown by 
LHPG and characterised. Diameter measurements, three-point bending tests, and 
absorption and fluorescence measurements were carried out. Discussions on each of 
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these works are made in the sections that follow. The results provided will give a 
review on the physical and optical status of the fibres produced. 
8.2 Diameter l\feasurement 
Ah03 is relatively easy to grow. Therefore before growing other materials, Ah03 
was used as the initial 'test' material for the trial of the LPHG open loop growth 
system. Pure Alz03 fibres and Ah03:Cr3+ (ruby) fibres diameters were measured. As 
the former's conditions of growth were kept similar, these pure Alz03 fibres were 
used for mechanical testing measurements. In the case of the ruby fibres, two growth 
iterations were carried out from the bulk crystal which was the initial source 
material. Two ruby fibres of different diameters were produced and diameter 
measurements carried out. The larger diameter ruby fibre was grown from the bulk 
and was label in this work as 1 st growth - Ruby 03 and the smaller diameter ruby 
fiber was grown from the Ruby 03 and was labelled as 2nd growth - Ruby 04. All 
fibres were in the c-axis orientation which had hexagonal cross-sections. Figure 
4.4.3.4 shows the cross-section of a ruby fibre. 
8.2.1 Results and Discussion 
All the diameter data for the fibres were collected using the Filar Eyepiece 
Technique. The diameter of three pure Ah03 fibres and one ruby fibre fell in the 
range of 400 and 450jlm. The pure Alz03 fibres were grown from source rods that 
were cold pressed. Wax binders were used to hold the Ah03 powder together and 
this made handling easier for the roughing down process. Therefore, from Table 8.1, 
the diameter variation from fibre to fibre was more consistent, -lOjlm, as compared 
to the first two materials mentioned in Chapters 6 and 7. Table 8.1 also shows the 
standard deviation of the fibres measured where the diameter variation error was not 
more than 3jlm. The average diameters for the pure Alz03 were in range of 393 to 
402jlm and fluctuations of the diameter were prominent. See Figure 8.1 to 4. For 
smaller diameter specimens like Ruby 04, a diameter fluctuation of 2.47% was seen 
which was the lowest when compared to the others. See Figure 8.4. Since Ruby 04 
had a smaller diameter, the laser power required is also less. From Figure 4.3.1.3, it 
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can be seen that the power fluctuation was at low laser power. Again, the fluctuations 
along the length of the larger diameter fibres were caused by instabilities in the melt 
which was indirectly caused by the laser power fluctuation. Therefore, small 
diameter fibres such as Spec Ruby 04 generally have more consistent diameters 
throughout. 
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Table 8.1 - Ah03 and Ah03:Cr3+ fibre diameter measurements 
A verage Diameter Standard 
Specimen Name (Jlm) Deviation (%) 
(Jlffi) 
SpecAI30 401.60 16.27 4.05 
Spec AI31 409.26 25.27 6.17 
Spec AI32 393.12 17.74 4.51 
Ruby 03 
(AI203:Cr3+) 444.79 40.52 9.11 
Ruby 04 
(AIz0 3:Cr3+) 226.16 5.33 2.47 
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Figure 8.1 : Spec AI30 - Ah03 fibre diameter measurement 
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8.3 Mechanical Testing Measurement 
During the growth process of Aha3 fibres, no visual flaws were observed internally. 
The experimental layout and calculation method were discussed earlier in Chapter 
5.2.2. All experiments were conducted at room temperature. 
8.3.1 Results and Discussion 
The three-point bending tests were conducted on three Aha3 fibres and the forces, F, 
measured in the experiments are shown in Table 8.2. F and S values from the table 
are the highest among the three oxide materials. The larger the diameter, the larger 
the force required to strain the fibre to failure. The moment of resistance, M, was 
calculated taking into account the diameter. The F values were substituted in 
equation 5.2 to calculate the shearlbending strength, S. The increase of M decreases 
the shearlbending strength. Since the diameter is taken into account, it was observed 
that an increase in diameter might reduce the S value. The calculated mean 
shearlbending strength, Sm. was 5.07MPa and had a standard deviation of O.34MPa. 
Figure 8.5 shows the force (N) versus deformation (mm) of Spec A132. A 
deformation of 6.675mm was required to strain the fibre to failure. Figure 8.6 shows 
the bending of the fibre before breaking. The Aha3 fibre has the highest deformation 
compared with the two other oxides discussed in Chapters 6 and 7. It had a very good 
physical strength and this was the primary reason for its investigation in structural 
reinforcement [2.8]. Figure 8.7 shows the forces required to strain a fibre to failure 
for the three oxide materials. Al203 fibres were approximately 65% stronger than 
YAG fibres and approximately 85% stronger than Y20 3. This simple experiment 
only gives a rudimental idea of the strength of fibres growth using LHPG. For a 
detailed study of the strength of fibres, one could model after reference [2.8]. 
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Table 8.2 - Ah03 fibre mechanical testing measurements 
Force, F M =/idh2 Shear/Bending Specimen Name Strength, S (N) (xlO-12) (MPa) 
Spec A130 7.00 6.39 5.20 
Spec AI3! 6.63 6.73 4.68 
Spec A132 6.68 5.32 5.32 
Figure 8.5 : Three-point bending test on Spec A132 
Deformation (mm) 
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Figure 8.7: Three-point bending test for oxide materials 
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8.4 Absorption Spectrum Measurement 
The absorption measurements were carried out on Er3+:Alz03 and Cr3+:AI203 (ruby) 
fibres. The work on the former was abandoned because no absorption was observed 
when the fibres were nominally doped with Imol% of Er3+. The problem may be 
attributed to the bonding wax used to hold the powder of the Al203 when cold 
pressing. Further investigation is needed to confirm this assumption. However, in 
light of time constraints, no further investigation was made on Er3+:Alz03 fibres. 
Cr3+:Alz03 fibres were grown from bulk material and showed no major problems 
throughout the investigation. 
8.4.1 Results and Discussion 
The focal interest was ruby fibre emission at the 600nm to 700nm region. Therefore, 
absorption measurements were taken between 400nm and SOOnm to locate the 
required excitation wavelength. The absorption experiments were carried out on the 
bulk material, first growth iteration ruby fibres and second growth iteration ruby 
fibres. Figure 8.8 shows the absorption spectra for all the three ruby materials. It was 
observed that there was only one broad absorption band in the 550nm region. The 
absorption peaks of the three materials coincided with each other and were at 
-55Snm. This shows that there was no obvious shift of the absorption spectrum from 
the original bulk material. 
In the case of the bulk crystal, a broad absorption band was observed spanning from 
-380 to -700nm. Within this spectral region, there should be two broad bands [8.5, 
8.6, 2.57] due to the transition from the ground state 4A2 of the Cr3+ ion to the excited 
states 4F2 and 4Ft levels. Only one of the two broad peaks was observed in this work. 
The peak at the 400nm region could not be detected. This could be attributed to the 
(Quartz Halogen) light source used in the experiment. The intensity in the blue 
region of this light source was extremely low and this probably accounted for 
difficulty in observing the 400nm region of the absorption. Figure 5.6 shows that the 
intensity in the blue region was very close to zero and only started to pick up at the 
late 500nm region. In order to overcome this problem, a white lamp with a stronger 
UV region should be employed in future testing. 
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8.5 Fluorescence Measurement 
From the absorption measurement, it can be concluded that the absorption in the 
500nm to 600nm range was strong. A 532nm frequency doubled Nd:YAG laser was 
employed to excite the AIz03:Cr3+ fibre; the experimental layout was discussed 
earlier in Chapter 5.3.2. 
8.5.1 Results and Discussion 
Figure 8.9 shows the fluorescence spectra of the ruby fibres and the bulk ruby 
crystal. There are two pump bands (green (l8000cm-1) and violet (25000cm-1)) for 
Cr3+ and are approximately a lOOnm apart [8.7]. Two distinct emission peaks, Rl and 
R2. were observed when excited with a green laser. All three materials' R values 
coincided with each other. Rl was at 691.6nm and R2 was at 690.2nm. The 532nm 
laser raised the Cr3+ ions from the ground state, 4A2, to the ~2 excited state. From 
this state, a non-radiative decay occurs to 2E energy level which was divided into two 
metastable levels, Band 2A. The Rl transition was from E metastable level to the 
ground state, 4A2, and the R2 transition was from the 2A level to the ground state. 
The separation between the R peaks was l.4nm and energy gap between the two 
metastable levels was approximately 29cm-1• These were in agreement with the work 
done by Seat [2.57, 8.4.1). The approximate spectral bandwidth for Rl and R2 were 
-O.55nm and -O.5nm respectively for the three investigated materials. There was no 
significant difference in the fluorescence spectrum between the three materials under 
the similar experimental conditions. 
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Section III 
SCFs Applications 
9 Applications of SCF - Temperature Sensors 
9.1 Introduction 
Knowing the temperature within a system is extremely vital. Almost all physical, 
chemical and biological processes react under the influence of temperature. 
Therefore, having a reliable and accurate method to measure temperature is desirable 
in many industries. Although there are a wide variety of temperature sensors 
available in the present market, traditional sensors have limitations which restrict 
their use for certain roles in these industries. An electronic thermometer, for 
example, would not be able to measure temperature in a transformer or a rotating 
turbine blade due to the high influence of the electromagnetic noise present in these 
systems. Also, traditional sensors do not function well or accurately in hostile 
environments where physical contact of the probe is impossible. Therefore, 
alternative sensing methods have been investigated to improve thermometry and one 
of the possible solutions is the use of fibre optics. The advantage of using fibre optics 
as temperature sensors is that they are impervious to radiofrequency, electromagnetic 
and magnetic interferences. They are extremely safe when operating in hazardous 
environments where electrical sparking is a concern. Fibre optic sensors are not 
powered electrically but by radiation from a light source that is some distance away 
from the measurement environment. The capabilities of remote measurement are 
ideal for complex equipment such as aircraft where accessibility is difficult and long 
term monitoring is desirable. Being small and light weight, its response to 
temperature is rapid. This is ideal in the thermometry industries [9.1]. 
Telecommunication has been the main focus in the use of fibre optics. However, the 
early 1970s saw the use of low-loss optical fibres as sensors [9.2]. This stirred up 
new interest in exploring fibre optics in sensing and measurement. Fibre optic 
sensing is considered by most a 'spin-off from the optical communication industry, 
adopting the technology in this field modifying them and using them for the sensor 
industry. In the early years, traditional sensors maintained their popularity even 
though the performance of fibre optic sensors are comparable and in some instances, 
better. This was mainly due to the high production cost. In recent decades, however, 
progression in the telecommunication industry has benefited fibre optic sensing 
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research by reducing the cost of materials and components required in the sensing 
research arena [2.S7]. This benefit gives researchers a new freedom, where the focus 
now is on developing fibre optic sensors to overcome difficulties where traditional 
sensors are presently limited and also to improve the present technology in this field. 
Glass/silica-based fibres have been the dominating material used in fibre optics but 
there are limitations when these fibres are used as temperature sensors. The 
maximum operating temperature of glass based fibres is -SOO°C while some silica 
based fibres have an operating temperature of -lOOO°C [9.3]. When thulium was 
doped in a silica fibre, it was able to sustain a maximum effective operating 
temperature of -12S0°C [9.4]. Not only was it able to withstand high temperature, it 
also had a moderate sensitivity over this wide range of temperature of -o.OSf.1.SrC 
when the fluorescence lifetime was used to determine the temperature. When the 
temperature increases further, 'conventional' fibres degrade mechanically and 
optically. An alternative is required to measure temperature of 1250°C and above. 
SCFs were then chosen because of their high thermal resistance. Dils [2.53] was the 
pioneer for using SCF (sapphire) as a temperature sensor. The melting temperature of 
sapphire SCF is 204SoC and this temperature is much higher than for silica fibres. 
The limitations posted by silica fibres are now no longer a restriction when SCFs are 
used. Other single crystal materials like ruby [9.5], Y AG [9.6, 7], Zr02 [2.55] and 
Y 20)-ZrO) [2.S6] were investigated as high temperature sensors. Y 203-ZrO) SCF, 
for instance, grown by LHPG were able to operate to temperatures as high as 2300°C 
[2.56]. The presence of ZrO) in Y203greatly increased the mechanical and optical 
quantities therefore making this SCF a potential candidate for ultra-high-temperature 
fibre sensors. The high melting temperatures of SCFs make them difficult to grow, 
hence most SCFs are shorter in length compared to conventional fibres. Integrating 
the two together into a single thermometry system, having the conventional fibres 
deliver the laser beam and the SCF being the sensing probe would be ideal for 
systems that require remote monitoring. An example would be Dils's [2.S3] high 
temperature optical fibre thermometer which consisted of a sapphire fibre as the 
probe and a low temperature optical fibre to transmit the signal to the detector. 
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9.2 Fibre Optic Thermometry 
The most common way of classifying fibre optical sensors are as intrinsic and 
extrinsic. Intrinsic sensors are sensors where the light remains at all times in the 
fibre. A modulating source is transmitted through the fibre to the section in the 
measurand field, a physical characteristic of the fibre is then changed by the 
measurand and the 'new' signal continues until it is collected by a detector. Sun [9.8] 
in her work described the use of intrinsic doped Nd fibre as a high temperature alarm 
sensor. The fluorescence behaviour of the Nd doped fibre corresponds to a change in 
temperature. The signal received by the detector at the other end was then treated 
mathematically to determine the temperature. Her work has shown that temperature 
can be measured to a precision of ±5°C which was acceptable for use as an alarm 
sensor. Extrinsic sensors depend on an external modulator attached to the fibre to 
modulate the signal. An extrinsic interferometric sensor system described by Chen 
[9.9] had a broadband optical source sent through a multimode optical fibre. The end 
is attached to a sensing interferometer which consisted of collimation lenses and 
mirrors. This sensing medium would respond to the measurand field and returned the 
modulated signal to the processing unit. Crystals such as yttrium orthovanadate 
(YV04), potassium gadolinium tungstate (KGd(W04)2) and yttrium aluminium 
garnet (Y AG) placed at the end of a silica fibre and secured mechanically by a quartz 
sheath and cement were another kind of extrinsic temperature sensor [9.10]. Figures 
9.1 and 2 show the schematics of an intrinsic and extrinsic sensing device 
respectively. 
There are a number of fibre optics sensmg concepts that be can be applied to 
temperature measurement. Interferometric, in-fibre Bragg grating, distributed fibre 
optic and fluorescence sensing are a few common techniques employed to determine 
the temperature within a system. A brief account of these sensing methods will be 
discussed in this section. 
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9.2.1 Interferometric Fibre Optic Sensors 
Interferometric sensors are known to provide a high level of sensitivity and 
resolution to a number of measurands [9.11]. Therefore, this sensing method has 
been used in many different sensing fields. Work has been done on the use of 
interferometric sensors where the production of a phase shift proportional to the 
measurand is introduced to an optical fibre sensor. There are different approaches in 
the use of interferometric sensors, one of which is the Mach-Zehnder interferometer 
configuration [9.12]. The temperature can be measured using two single-mode fibre 
arms. The laser beam velocity is a function of refractive index where the refractive 
index is a function of the temperature. The variation of temperature changes either 
the dimension or refractive index of the fibre. This will also cause a change in the 
phase of the laser beam which can be observed through the displacement of the 
fringe pattern. These changes determine the temperature within the system. Knowing 
that the phase shift t!.¢ is a function of temperature change t!.T, the temperature 
sensitivity is given by the expression stated below [9.12, 13]: 
t!.¢ = 2"L (ndL + dn) 
t!.T A LdT dT 
(9.1) 
where L is the length of the fibre length, A. is the wavelength and n is the refractive 
index. In the case of silica fibres, the refractive index changes dominate whereas for 
multi-components glasses the value of thermal expansion coefficients (dUd1) and 
the temperature dependence of the refractive (dnldT) vary significantly. For a typical 
glass fibre, calculated by the above equation, a temperature sensitivity of 4 to13xlO,6 
radiansl"C is common [9.12]. Increasing the path length, L, will increase the 
sensitivity and if there are several more parallel interferometers, the dynamic range 
can be improved [9.14]. Cross-sensitivity might be taken as one of the problems 
within the system if the temperature variation is large [9.15]. Since there is a 
requirement to observe the fringes, aligning the system could be another 
disadvantage. Figure 9.3 shows the schematic of the Mach-Zehnder interferometric 
temperature sensor. 
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9.2.2 In-Fibre Bragg Gratings (FBG) Sensors 
FBG sensors have shown great potential in both the telecommunication and the 
sensor industries. Being a more passive device in the optical telecommunication 
sector, FBGs have been employed as laser [9.16] and amplifier pump reflectors 
[9.17], dispersion compensation devices [9.18] and gain flattening devices [9.19]. 
FBG sensors are used in the measurement of strain [9.20], ultrasonics [9.21], 
chemicals [9.22], high magnetic-fields [9.23] and also temperature [9.24, 25]. The 
gratings that are found in the fibres can be created either by holographic side 
exposure [9.26] or phase mask imprinting [9.27]. The holographic side exposure 
process is where the fibres are exposed to two UV interference beams that production 
an interference grating. The grating period is determined by the incident wavelength 
and the angle between the two interference beams. For the latter method, a phase 
mask, from a precision photolithographic apparatus, is placed near or in contact 
normal to the axis of the optical fibre. An incident UV beam, directed through the 
diffractive phase mask, is then phase modulated spatially and diffracted forming an 
interference pattern which 'photoimprints' a refractive index modulation on the 
optical fibre creating the gratings. The basic Bragg wavelength at which light is 
reflected is given by: 
(9.2) 
where n is the refractive index of the fibre and A is the grating pitch or period [9.2]. 
The gratings imprinted on the fibre cause a periodic change in the refractive index 
where the phase front and the grating planes are spatially constant. When the Bragg 
grating condition is satisfied, the interferences created by the phase front and the 
grating plane add constructively otherwise interferences are destructive (out of 
phase). The reflected wavelength is a narrowband signal which is dependent on 
equation 9.2. Therefore, changes in the measurand which cause the Bragg grating to 
be altered physically changes the grating pitch. When measuring temperature, the 
change in temperature, 6T, will influence the wavelength shift, 6ABT and this is 
given by the expression: 
(9.3) 
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where a = (JIA)( dA/dT) is thermal expansion coefficient and the thermo-optic 
coefficient is given by ,=(lln)(dn/dT) [9.14]. Using the equation 9.3, the fractional 
wavelength shift for a typical silica fibre is -6.8 pm °C l when an excitation at 
O.83Jlm was used [9.28]. Figure 9.4 shows the common schematic of a fibre Bragg 
grating. 
9.2.3 Distributed Fibre Optic Sensors 
The initial development of distributed fibre optic sensors was based on the losses or 
scattering mechanisms present in the fibres. In the early 1990s, the use of the optical 
time domain reflectometry (OTDR) concept was employed in numerous distributed 
fibre optic sensor systems [9.29]. OTDR [9.30] was a common instrument used in 
optical telecommunication to locate faults or imperfections within a fibre. Due to the 
microscopic variation of the refractive index within the fibre core, Rayleigh 
scattering is present when a light is transmitted along the fibre. These losses 
(backscattering) are recaptured by the aperture of the fibre and transmitted back to 
the light source. With a pulsed light source, knowing the changes in the 
backscattering received by the detector could allow one to monitor/determine the 
intensity, spatial variations and attenuation. A similar technique is applied to sensing 
applications where influence by the measurand induces variations of the loss and 
scattering of the fibre, and this can be collected and analysed to determine the 
required sensing parameters [9.31]. There are several methods of distributed optic 
fibre temperature sensor, one of which is the Raman backscattering temperature 
sensor. This was to be the most successful distributed fibre optic sensor developed 
[9.2, 11] to date and this method has been commercialised [9.31]. Since Raman 
scattering is temperature sensitive, it is therefore ideal for use as distributed 
temperature sensors. To measure the temperature, an expression of the ratio of the 
anti-Stokes to Stokes intensity in the backseattering light is [9.11,31]: 
(9.4) 
where Rr is the ratio between anti-Stokes and Stokes, As is the Stoke wavelength of 
the lower photon energy, Aa is the anti-Stoke wavelength at the high photon energy, h 
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is Planck's constant, c is the velocity of light, ~v is the optical frequency shift at 
which the measurement is made with reference to the pump frequency, k is 
Boltzmann's constant and lastly, T is the absolute temperature. Commercially, 
Raman scattering distributed fibre optic sensors are able to operate with fibre lengths 
as long as lOkm and have resolution as high as -1°C with 1m spatial resolution 
[9.11]. Feced's [9.32] work on distributed fibre optic sensors has improved the 
spatial resolution from 1m to O.lm. Using Raman thermometry with the time-
correlated single photon counting technique has greatly increased the spatial 
resolution. Figure 9.5 shows the schematic of the distributed sensing configuration. 
9.2.4 Fluorescence Fibre Optic Sensors 
Fluorescence emission can be used as a transduction mechanism when a measurand 
exerts influence on emission properties. This maybe to change the emission profile 
(spectral properties) or the spontaneous decay lifetime (temporal properties). The 
excitation source used is determined by the absorption spectrum of the material 
where the absorption energy of the material is then transferred into fluorescence. The 
fluorescence produced generally is of a lower photon energy and hence longer 
wavelength. Fluorescence fibre optic sensors generally involve the use of 
fluorescence optical materials for example, transitional metal and rare earth ions are 
commonly used. The transition metal ion, Cr3+, has been greatly explored as a 
fluorescence-based temperature sensor in the past two decades [9.33, 34, 35]. Its 
strong interaction with the crystal field and lattice gives it a wide optical absorption 
spectrum from ultraviolet to the red region. These interactions also create an 
environment where the fluorescence characteristics are sensitive to temperature. 
Having a broad spectrum, it allows the use of many cheap and easily available 
excitation sources, such as high-power LEDs and visible laser diodes [9.33]. 
Alexandrite, BeAh04:Cr3+, has an effective temperature measuring range up to 
700°C [9.35]. Work done by Ye [9.36], shows that YAG doped with Cr3+, using 
methods like fluorescence-based sensing, has an effective temperature range up to 
500°C and when combined with radiation based measurements the effective 
temperature was as high as 1400°C. On the other hand, in rare earth ion doped fibre 
optical sensors fluorescence-based sensing can function beyond 700°C. When 
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incorporating rare earth into a suitable host, they can be ideal for high temperature 
sensing. One example is the use of Er3+ doped silica fibres as temperature sensors. 
The E?+ doped sensor was excited with a 980nm laser diode and with a wavelength 
division multiplexer (WDM), the fluorescence emission at 1550nm was collected by 
a photodiode where the fluorescence decay-time at this wavelength was used to 
evaluate the temperature. It was able to assess temperatures up to -900°C [9.37]. 
When the fibre was put through an annealing cycle, the effective working 
temperature increased to HOOaC [9.38]. Kennedy [9.39] showed that rare earths like 
Yb3+ and Tb3+ when doped in Y AG, using fluorescence-based sensing, can have an 
effective temperature range up to -1600°C. The advantage of fluorescence-based 
sensing is that it is able to solve cross sensitivity problems. The interest of this work 
is to look at fluorescence-based sensing in SCFs. Therefore a detailed discussion will 
be made in the following section. Figure 9.6 shows a fluorescence-based fibre optic 
sensor. 
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9.3 Rare Earth Fluorescence-Based Temperature Sensing 
Fluorescence-based temperature sensing is the main sensing method employed in this 
work. The two techniques used were fluorescence intensity ratio (FIR) and 
fluorescence decay (FD) techniques. The former technique examining the ratio of 
two fluorescence lines within the spectrum. The latter technique explores 
temperature dependence of the fluorescence lifetime. A brief discussion will be made 
of these two techniques below. 
9.3.1 Fluorescence Intensity Ratio (FIR) Technique 
Under a suitable and constant pump rate, a rare earth doped system's fluorescence 
intensity variation can be influenced by several parameters, one of which is 
temperature. Due to the temperature dependence of the non-radiative rates between 
excited states, the fluorescence intensity changes with temperature. Measuring the 
temperature using this method involves the thermally linked populations of two 
energy levels within a rare earth ion. This thermally linked level is similar to a 
Boltzmann type population distribution. As temperature increases, the number of 
ions (NJ) in the lower energy excited state level decreases as more ions are raised to 
the higher energy excited state increasing number of ions (N2). The ions (N2) at a 
higher energy level will then depopulate increasing the NJ population. A relationship 
is then developed since the fluorescence intensity is proportional to the populations 
of the two energy levels. The FIR is expressed by [9.40,41]: 
with 
where the term Ii} is the fluorescence intensity. gi is the degeneracy, (Ji) is the 
emission cross section, wi} is the angular frequency of the fluorescence transition 
from the upper (i = 2) and lower (i = 1), thermalizing energy levels to the terminal 
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levelj, ~E is the energy difference between the two energy levels, k is the Boltzmann 
constant and T is the temperature in Kelvin. When using this technique, there are 
several advantages. Firstly, the energy levels used are closely spaced hence the 
fluorescence wavelengths are relatively close, in this way wavelength dependence 
effects which arises due to fibre bending would be greatly reduced. Secondly, the 
ratio of the population of the higher and lower energy excited states and the ratio of 
their fluorescence intensity is not dependence on the excitation power. The reason is 
that the individual thermally coupled levels' populations are directly proportional to 
the total population. Therefore changes in the excitation source will influence these 
levels to the same degree [9.40]. The sensitivity, S, of this temperature measuring 
technique can be determined by the equation [9.40,41]: 
(9.6) 
where R is the fluorescence ratio between the two energy levels. From equation 9.6, 
the greater the energy difference the larger the sensitivity. 
There are instances where offsets need to be added to equation 9.5 to measure the 
fluorescence intensity ratio. Effects such as stray light from other energy levels or 
coming from the pump source, and peaks from the fluorescence emission that are 
overlapping may be required to take into consideration. Therefore the modified 
equation that includes the above mentioned is given by [9.40]: 
(9.7) 
where ni (upper level ;=2 and lower level i=l) is the ratio of the total fluorescence 
intensity of the transition from level i-actual intensity measured by detector from 
level i and mi is the ratio of the total fluorescence intensity from level i-other 
thermalizing level measured by detector. When stray light is involved, a similar 
equation (9.7) can be used [9.40]. This modified equation was employed by Beak 
[9.42] to determine temperature with the FIR at emission at -1 and -1.5JLm in silica 
doped with Er3+ and Yb3+. 
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9.3.2 Fluorescence Decay (FD) Technique 
When the rare earth within a medium is excited by an appropriate source, 
fluorescence emission occurs and the intensity falls rapidly when the source is 
terminated. Fluorescence Decay (FD) is the time taken for an ion to fall from the 
high excited state to the lower excited state radiatively. An exponential behaviour is 
observed during the termination of the source, and can be expressed as a function of 
time [9.43,44,45]: 
(9.8) 
where lit) is the intensity of radiation emission at time t, Ii is the initial fluorescence 
amplitude. r is the fluorescence lifetime and C is the signal baseline offset. A number 
of methods are available to determine the value, r. It can be determined through 
either direct or indirect methods. For the latter, phased-locked analog-to-digital 
signal processing (A-DSP) can be used where r is established. This is done by 
measuring the output modulation period T which is correlated to r. In other words, 
the period T is adjusted in a way so that the measurement of this value is directly 
proportional to lifetime r [9.45]. Therefore making this method an indirect way of 
measuring the fluorescence lifetime. As for the direct method, the value r is 
determined directly from the output of a photodetector that is connected to a digital 
oscilloscope. By modulating the excitation source with a periodic rectangular signal, 
when excitation is turned off, an exponential decay curve is observed and is collected 
by the digital oscilloscope. At different temperatures, the lifetime r is then evaluated 
from the exponential curves collected by the digital oscilloscope [9.45]. For this 
work, the direct method was employed. 
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9.4 Preparation, and Choices of Dopant Concentrations, OfY3Als012 and 
Y 203 Fibres for Temperature Sensors 
For temperature sensing applications, two variants of Y3AIs0J2 (Er3+ singly doped 
and co-doped with Yb3+) and one Y203 (Er3+ singly doped) SCFs were grown by 
LHPG techniques and employed as high temperature sensors. The approximate 
length of all fibres was 70mm. Table 9.1 shows the different rare earth content and 
diameters of the fibres used. 
All temperature sensing fibres were prepared from powder oxide that was mixed 
with the required rare earth(s) and pressed into pellets by the cold pressing method. 
For sensing applications, just the tips of the fibres are required to be doped. Pellets 
were pressed with half just the basic oxide material and the other half containing rare 
earth dopant(s). See Chapter 4.4.1 for details on preparation processes. The initial 
source rods (I5mm) were only able to produce fibres of reasonable quality of 
maximum length of 30mm which were too short to be used as temperature sensing 
fibres. Hence, one further reduction growth was made to all fibres to achieve a longer 
length that suitable for this application. Physical defects were observed and detailed 
discussion on these was done in Chapter 4.4.4. The conditions of the Y3AIs012 fibres 
were better as compared with the Y Z0 3 fibres. From Figure 9.7, it can be observed 
that the latter fibre did not have the clarity of the former. Visually the latter was seen 
to be cloudy along the whole length of the fibre. Figure 9.8 shows the tip of the 
temperature sensor and Figure 9.9 shows the upconversion emission in the green 
which signified that doping of the rare earth(s) took place only at the tip and not 
along the length of the fibre. 
The decision on the concentration level of dopant used for the temperature sensors 
was based on work done in Chapters 6 and 7. For the YAG fibres, the work in 
Chapter 6 shows that 1 mol% Er3+ singly doped (Figure 6.21) had numerous distinct 
peaks throughout the 4113/2 manifold and that the 1500nm and 1600nm region 
intensities were equally strong; hence suggesting the use of these peaks as a possible 
candidate for the FIR technique to determine temperature. As the doped 
concentration increased to 5mol% (Figure 6.22) the peaks in the 1500nm region 
overlapped and the peaks were no longer able to be used in FIR technique. Based on 
these results, the concentration chosen must display strong/intense and distinct peaks 
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across the 4113/2 manifold. Since a further diameter reducing growth is required to 
increase the fibre length losses of dopant level through evaporation in the melt was 
would occur [3.7]. Bearing this in mind, 2mol% Er3+ was the chosen to be starting 
dopant concentration. The starting dopant concentration of the Yb3+ co-doping was 
5mol% in orderto investigate if there were any significant changes in the 4113/2 
manifold. The FIR for the singly doped and the co-doped YAG fibre temperature 
sensors of the 1528.5nm peak divided by 1612nm peak were 0.89 and 1.12, 
respectively. From the Figure 6.24, for 0.5 and Imol% the FIR was 2.09 and 0.76 
respectively. An assumption can be made that the singly doped fibre sensor had a 
concentration slightly higher than Imol% (Er3+) whereas the co-doped fibre was 
lower than lmol% (Er3+). For the Y203 fibre sensor (Figure 7.30) the majority of the 
peaks overlapped and created a broadening effect at a concentration of 3.1mol%. 
Therefore 2mol% singly doped Er3+ was the chosen concentration. FIR was 
calculated by dividing the intensity at peak wavelength 1010nm by the peak at 
1530nm and the result was 2.44. At 3.1mol% the FIR was 3.77, see Figure 7.36. 
Again from this figure, assumption can be made that the dopant concentration for 
this Y 20) temperature sensing fibre was -2mol%. All the fibres grown for 
temperature sensing applications demonstrated the presence of upconversion. Bright 
visible green emission was observed at the tip and from this we could determine the 
length of the doped section in the fibres. The doped length of all the fibres was 
-20mm from the tip. 
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Table 9.1- SCF temperature sensors 
Oxide Materials Starting 
Specimen & Dopant Diameter Length No. Rare earth(s) concentration (/lm) (mm) (mol%) 
Spec YAl26 Y3AI5012:E~+ 2 285.9 -70 
Spec YAl32 Y 3AlsOlz:Er3+ + Yb3+ 2+5 330.0 -68 
Spec 64 YZ03:Er3+ 2 292.8 -66 
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Figure 9.7 - SCFs temperature sensors 
Figure 9.8 - SCF temperature sensor tip 
Figure 9.9 - Upconversion (visible green) seen at 
the tip of the fibre sensor 
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9.5 Experimental Set-Up for Temperature Sensors 
All fibres underwent a similar experimental set-up for the temperature dependent 
measurements. Temperature measurements were done in the infrared and the visible 
region. The only difference between the two was the use of a different photodetector. 
A brief account of the layout will be explained in this section. FIR and FD employ a 
similar experimental set-up. For these experiments, a 965nm laser diode was used to 
excite the fibres. Figure 9.10 shows the schematic of the experimental layout. This 
pump source (LACRYS - model 402) was directed into a pair of collimating lenses 
and then into a 20x microscope objective. An opto-mechanical chopper was placed at 
the focused spot that was in between the two collimating lenses. It was used to 
modulate the excitation source. The output beam from the microscope objective was 
then focussed into the polished end of the fibre. Figure 9.9 clearly shows the green 
upconversion at the tip of the sensing fibre. The sensing tip was inserted into the 
Carbolite Eurotherm (model MTF 121251250) tube furnace. The maximum heating 
temperature of the furnace was 1473K hence all temperature sensing experiments 
were carried out from room temperature (-293K) to 1473K. Having a taper tip at the 
sensing end, the beam that travelled to the tip was then reflected back toward the 
excitation source. A beam splitter, placed in the path of the incoming and reflected 
beams, was used to redirect the reflected laser beam from the sensing tip to a 
focusing lens. The reflected laser beam was then focussed into the monochromator 
by a lens. Two different kinds of photodetectors were used in these experiments. A 
photomultiplier tube (PMT - Hamamsutsu model R928) was used for the visible 
region and an InGaAslPIN photodetector (/R Femto Watt Photoreceiver) was used 
for the infrared region. The signal from the photodetectors was then sent to a lock-
amplifier to enhance the signal. The processed signal will be then sent to the 
computer for storage and further processing. The scanning range by the 
monochromator for the visible region was from 500nm to 700nm and for the infrared 
region from 1000nm to 1700nm. When acquiring the fluorescence decay, the 
gratings of the monochromator were position at the required wavelength, and a 
digital oscilloscope were used to collect the data from the photo detector and storing 
them for further processing. Due to the weak visible signal, upconversion decay was 
not investigated in this work. 
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9.6 Y3Als012:Er3+ • Temperature Sensor 
In this section, investigation was made using Y AG:Er3+ as a temperature sensor, 
employing FIR (infrared), upconversion intensity ratio (UIR - visible region) and FD 
to measure temperature as high as 1473K. Results of these investigations are 
presented and discussed. 
9.6.1 Fluorescence Intensity Based Sensing - Y3Als0 12:Er3+ 
Several peaks in the transition 4113/2 were observed in the Y AG fibre doped with Er3+ 
when excited at 965nm. These peaks (IR lines), at room temperature, are shown in 
Figure 9.11. Monitoring of the intensity of these IR lines, from room temperature 
(293K) to 1473K, was carried out to establish a relationship between ratios of IR line 
intensities as a function of temperature. Exploiting the 1500nm region as a means of 
temperature sensing was reported by Imai [9.46], who used the intensity ratio of the 
fluorescence emission at 1530nm and 1552nm for temperature sensing. 
Investigations were then made in this work to determine which of these fluorescence 
intensity ratios (FIRs) would be appropriated to use as potential thermometric 
applications. The FIR can be calculated by having the upper thermalizing energy 
level divided by the lower thermalizing energy level and the results can be fitted to 
the FIR equations mentioned in section 9.3.1. 
9.6.1.1 Results and Discussion 
Figure 9.12 and 13 show the fluorescence spectra of Er3+ from the 4113/2 state at 
various temperatures. Strong signals were observed throughout the entire experiment. 
The fluorescence emission seen at a temperature of 1473K signified that the signal to 
noise ratio was low. The fluorescence profile is divided into three regions, labelled as 
A, Band C, for easy explanation. For the 1400nm to 1500nm region (Region A), the 
fluorescence intensity profile increases with the increase in temperature. At room 
temperature, there were several distinct peaks but as the temperature was raised to 
637K these were no longer obvious and at 973K they completely merged and formed 
a broaden lineshape. Although the fluorescence intensity at 1473K is slightly lower 
than at 1373K the fluorescence intensity profile at this temperature had a -80% 
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increased from 293K. For the 1500nm to 1600nm region (Region B), a similar 
broadening effect was observed with increasing temperature. The peaks at 1528.5nm 
remained the most intense IR line throughout the temperature sensing experiment. 
An increase of 61 % in its fluorescence intensity was also observed. The 1600nm to 
1700nm region (Region C) was the only region that saw a decrease in fluorescence 
intensity with the increase in temperature. The 'five fingers' profile of this region 
also gradually disappears with the increasing temperature. The increase of Regions A 
and B with temperature and the decreases in where Region C could be due to the 
increasing overlapping of the fluorescence peaks. The fluorescence from the lower 
energy level overlaps the upper thermally coupled energy levels resulting in the 
decreasing (Region C) and increasing (Region A and B) of the fluorescence intensity 
[9.40]. A similar phenomenon has also been observed in Nd3+ when it was used in 
temperature sensing [9.40]. Figure 9.14 shows the plots of the integrated intensities 
over the three mentioned regions as a function of temperature. Both Regions A and B 
show an increase as the temperature increases whereas changes of Region C 
remained relatively minimal throughout the experiment. The curves of the integrated 
intensities of Region A and B could be selected for possible thermometric 
application, with an effective temperature range from 293K to -1373K. The integral 
under the fluorescence profiles were calculated using the EASYPLOT software 
package. 
Table 9.2 shows the denotation of the IR lines used for the temperature dependent 
intensity ratios. FIR can be calculated by dividing the upper by the lower 
thermaJizing level. FIR; is an example of a denotation where the superscript a 
represents the specimen number and the subscripts i andj represent the ratio between 
the two IR lines. For FIRI226 , superscript 26 is the specimen number and subscript 12 
is the fluorescence intensity ratio between 1453nm and 1470nm IR lines. The first set 
of FIR plots with 1453nm as the higher energy IR line is shown in Figures 9.15a to c. 
Generally, all the curves exhibited increases as the temperature increased. Figure 
9.15c showed the widest intensity change with the steepest slopes when the higher 
energy IR line was divided by the IR lines in the 1600nm region. Figures 9.15d to g 
show the FIR curves being fitted by equation 9.7. Due to the overlapping of the 
fluorescence from the thermally coupled levels, equation 9.7 is a better fit as 
compared to equation 9.5 [9.40]. Figure 9.15d shows (fitted curve) an exponential 
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increase and has an effective temperature range starting from 273K. The curve starts 
off steep therefore higher sensitive would be expected at the lower temperature 
region as compared to the high temperature region. Figures 9.15e to g show that the 
effective sensing range only starts at approximately 673k to 873K followed by a 
gradual increase. FIRl~6 - fitted in Figure 9.15f demonstrated the steepest increase in 
the -873K to 1473K region making it extremely useful for sensing in the high 
temperature region. Figures 9.16a and b show the FIR of upper energy IR line 
1470nm. The curves in both the figures are non-monotonic and have similar features 
where a gradual increase with increasing temperature was observed. The curves in 
Figure 9.l6b a wider fluorescence intensity ratio and hence were selected to fit to 
equation 9.7. Figures 9.16c and d shows the fitted curves. Among the fitted curves, 
FIR;: (Figure 9.16d) has the lowest effective working temperature at -473K. While 
the other fitted curves basically have a 'flat' line at the lower temperature region 
before increasing at a temperature of approximately 673k to 873K. The majority of 
FIR curves with 1453nm and 1470nm as upper energy lines shown in the figures 
have similar curve profiles. These signified that the changes of intensities with 
temperature within this region were consistent for these two lines. Figures 9.17a and 
b show 1528.5nm as higher energy IR lines. The only usable FIRs for temperature 
sensing are shown in Figure 9.17b. To further determine the usability of these curves 
for thermometric application, these FIRs are fitted with equation 9.7. The good fit 
and linearity of FIR;:, FIR;: and FIR;: are possible candidates for thermometric 
applications. Whcn using 1568nm as the base IR line, similar FIR curves profiles 
were observed, sce Figure 9.l8a. When fitted with FIR equation 9.7, only FIR,! does 
not linearly increases, see Figures 9.l8b and c. The other curves showed great 
potential for temperature sensing due to the consistent linear increment with 
temperature and a good fitted model was achieved with these ratios. When using 
1612nm as the higher energy IR line. The results were not promising. None of the 
FIRs seem to be appropriate for temperature sensing, see Figure 9.19. There was no 
consistency in either the trend of the curves plotted with this IR line. Figure 9.20a 
shows two curves plotted with 1628.5nm. Changes in FIR at the lower temperature 
were minimal and only picked up after -773K. Since FIR;: has a much steeper 
increment at the high temperature region, it was selected and was re-plotted in Figure 
9.20b. The fitted curve matches the original curve well and has a r2 value of 0.999. 
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However the only setback with this is that it is not possible to register lower 
temperatures. The last IR line used for FIR was at 1640.5nm. Figure 9.21 shows both 
the experimental and fitted curves. The width of the FIR for experimental curve is 
relatively small but it has a consistent increment with increasing temperature, hence 
the attempt to fit the model curve to it. The effective working temperature for this IR 
line starts at -573K and again the ability to measure the lower temperature region 
would not be possible. From the above discussion, the most ideal IR line plots that 
demonstrated potential to measure temperature from -273K to 1473K are 1528nm 
and 1568nm. Using these two lines, curves encompassed a wide range of FIR with 
linear increase with to increasing temperatures and the standard deviation for the FIR 
points recorded were between -0.8 to -1.5%. 
FIR was also carried out across each of three regions. A similar method is reported in 
references [9.41,47]. From the fluorescence spectra collected for each temperature, 
the integrated fluorescence intensities across each of the region A, Band C were 
calculated. The ratios of the upper and lower thermalizing regions were taken, and 
plotted in Figure 9.22a. From this figure, it was observed that FIR;~ and 
FIR~~ increased with temperature and seem suitable for temperature sensing. A re-
plot of these two curves was shown in Figure 9.22b. A gradual increase with 
temperature can be seen from the figure and the curves have an effective working 
temperature from -573K. 
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Figure 9.11: Spec YAI26 Y3Als012:Er3+ fluorescence in 
room temperature, 293K 
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Figure 9.12: Spec YAI26 Y3Als0 12:Er3+ fluorescence 
spectra (4113/2) - room temperature to 837K 
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Figure 9.13: Spec Y AI 26 Y 3Ais012:Er3+ fluorescence 
spectra (4113/2) - 937K to 1473K 
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Figure 9.14: Spec YAl26 Y3A1s012:Er3+ - Integrated 
intensity 
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Table 9.2 - Spec YAI26:Y3Als0 12:Er3+ temperature sensor FIR 
denotations 
Denotations IR lines Denotations IR lines 
FIR 26 12 1 145:v'11470 FIR 26 35 11528.5/11612 
FIR 26 
13 1 145:v'11528.5 FIR26 36 11528.5/11628.5 
FIR 26 14 1145:v'11568 FIR 26 37 11528.5/11640.5 
FIR 26 
15 114501612 
FIR 26 38 11528.5/11652.5 
FIR 26 16 1 I 45:v'1 1628.5 FIR26 45 11528.5/11612 
FIR 26 17 1 I 45:v'1 1640.5 FIR26 46 11528.5/11628.5 
FIR 26 
18 1 I 45:v'1 1652.5 
FIR 26 
47 11528.5/11640.5 
FIR 26 23 11470111528.5 FIR26 48 11528.5/11652.5 
FIR26 24 11470111568 FIR 26 56 11612/11628.5 
FIR 26 
25 11470111612 
FIR26 57 11612/11640.5 
FIR 26 
26 11470111628.5 
FIR26 58 11612/11652.5 
FIR 26 
27 1147011 1640.5 
FIR 26 67 11628.5/11640.5 
FIR 26 28 11470111652.5 FIR26 68 11628.5/ 11652.5 
FIR 26 34 11528.5/11568 FIR 26 78 11640.5/11652.5 
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Figure 9.15a: Spec Y AI 26 - Y 3AIs012:Er3+ FIR1;6 vs 
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Figure 9.15b: Spec YAI 26 - Y3AIs0 12:Er3+ FIRJ
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Figure 9.15c: Spec Y Al 26 - Y 3AIs012:Er3+ FIR,~6 to FIR,;6 vs 
temperature 
5r-~----~----~----~----~------~----~~ 
4 
3 
2 
1 
~ __ .. FIR26 
15 
G - - - {] FI R26 
16 
26 v---v FIR17 
G---t> FIR26 18 
/ 
/ 
/ 
/ 
/ 
/ 
OL-~----~----~----~----~----~----~--~ 
273 473 673 873 1073 1273 1473 
Temperature / K 
Figure 9.15d: Spec YAI26 - Y3AIs012:Er3+ FIR,2: (fitted with 
Eq. 9.7) vs temperature 
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Figure 9.15e: Spec YAl26 - Y3AIs012:Er3+ FIR1236 & FIR1246 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.15f: Spec YAl26 - Y3Als0 12:Er3+ FIRl~6 & FIR,286 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.15g: Spec YAl26 - Y3A1s012:Er3+ FIR1~6 & FIR1~ 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.16a: Spec YAl26 - Y3Als0 12:Er3+ FIR;; & FIR;: vs 
temperature 
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Figure 9.16b: Spec YAI26 - Y3Als012:Er3+ FIR;: to FIR;: vs 
temperature 
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Figure 9.16c: Spec YAI 26 - Y3Als0 12:Er3+ FIR;: & FIR;: 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.16d: Spec YAI26 - Y3A1s012:Er3+ FIR;~ & FIR;~ 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.17a: Spec YAI26 - Y3Als012:Er3+ FIR;: vs 
temperature 
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Figure 9.17b: Spec Y Al 26 - Y 3AIs012:Er3+ FIR;~ to FIR;: vs 
temperature 
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Figure 9.17c: Spec YAI26 - Y3A1s012:Er3+ FIR;: & FIR;1 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.17d: Spec YAI26 - Y3AIs012:Er3+ FIR;: to FIR;: 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.18a: Spec Y Al 26 - Y 3AIs012:Er3+ FIR;~ to FIR;: vs 
temperature 
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Figure 9.18b: Spec YAI26 - Y3A1s012:Er3+ FIR;~ & FIR;~ 
(fitted with Eq. 9.7) vs temperature 
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I<igure 9.18c: Spec YAI26 - Y3Als0 12:Er3+ FIR;: & FIR;: 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.19: Spec YAI26 - Y3AIs0 12:Er3+ FIR;: to FIR;: vs 
temperature 
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Figure 9.20a: Spec Y Al 26 - Y 3AIs012:Er3+ FIR~~ & FIR;: vs 
temperature 
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Figure 9020b: Spec YAI26 - Y3Als0 12:Er3+ FIR;: (fitted with 
Eqo 907) vs temperature 
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Figure 9021: Spec YAI26 - Y3Als012:Er3+ FIR;: (actual and 
fitted with Eqo 907) vs temperature 
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Figure 9.22a: Spec YAI26 - Y3AIs012:Er3+ FIR~~, 
FIR~~ & FIR;~ • integrated intensity vs temperature 
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Figure 9.22b: Spec Y Al 26 - Y 3AIs012:Er3+ FIR~~ & FIR;~ • 
inte~rated intensity (fitted with Eq. 9.7) vs temperature 
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9.6.2 Upconversion Intensity Based Sensing - Y3A1s012:Er3+ 
The temperature dependence of the upconversion emission in the visible region was 
investigated. Vnder the excitation of a 965run laser diode, visible green and red light 
was observed. The behaviour of the emission will give us a clearer understanding of 
the practicality of temperature sensing using the visible region. Figure 9.23 shows 
the upconversion emission at room temperature. The total green emission is 
approximately SO% more intense as compared with the red intensity. The green lines 
(541nm, 553.5nm and 560nm) and one red line (676run) intensities were monitored 
and recorded for the calculation of the upconversion intensity ratio (VIR). Integrating 
the upconversion wavelength ranges corresponding to the transitions from 2Hll12 and 
4S312 were also investigated to determine the VIR. The highest reported temperature 
measured using upconversion for Er3+ doped silica fibres is -lOOOK by Maurice 
[9.49]. This work presents the possibility of detecting temperatures as high as 1473K 
using upconversion. 
9.6.2.1 Results and Discussion 
Figure 9.24 shows the upconversion spectra of both the green and red as a function 
of temperature over the whole temperature range (273K to 1473K) investigated in 
this work. At 4S:V2 and 2Hll/2 transition (Figures 9.25 and 26) intensities decreased as 
the temperature increased. Broadening effects on linewidths were observed at 1173K 
and above. From Figure 9.26, it can be seen that the intensity of transition 4S312 
decreases with temperature but 2Hll12 decreases initially but increases progressively 
from approximately 773K. This can be clearly seen in Figure 9.29 (insert). By 
integrating the wavelength range of each transition one can clearly see the variation 
of the intensities. A similar phenomenon was observed in Er3+ doped silica fibres 
where the transition 2Hll12 was not visible at 77K but as temperature increased the 
upconversion intensity increased as well [9.48]. The possible reason for this increase 
when the doped fibre is heated could due to the effect of the thermal population of 
the energy levels of Er3+ [9.4S]. In the thermal equilibrium a Boltzmann distribution 
would suggest upper energy levels should increase in population with increasing 
temperature and this was observed (Figure 9.26). Transitions from level 4S3/2 (lower 
energy level) decreased as temperature increased but the transition from level 2Hll12 
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(upper energy level) increased. Its linewidth started at -500nm where the initial 
linewidth started at -530nm at room temperature. Figures 9.27 and 28 show the 
upconversion spectra from the 4F9/2 manifold. The red upconversion intensity was 
observed to initially decrease with temperature, however the intensity began to 
increase after -873K. Figure 9.29 shows the integrated intensity of the wavelengths 
from the 4F9/2 manifold where a steep increase is observed. This could be very useful 
for measuring temperature due to the wide dynamic intensity range. 
From the above work, it was observed that it was possible to monitor the temperature 
just based on the intensity of the upconversion emission. Figures 9.30a and b show 
the intensities of emission lines at 541rnn eH 1112-+411 5/2), 553.5nm and 560nm 
(4S312-+411512) as a function of temperature. The intensities of these emission lines 
decrease as the temperature rises and, when plotted, distinguishable exponential 
decay profiles can be observed. These curves (1541, 1553.5 and 1560) have a maximum 
effective measuring temperature of -1173K and the maximum error obtained for 
these curves during the intensity measurement was -4%. The red emission line at 
679nm (4S312-+411512) was appropriate for use due to large changes from decreasing to 
increasing intensity, see Figure 9.31. Table 9.3 shows the denotations of the 
upconversion intensity ratios (VIR) of the Er3+ doped Y AG SCF and the dE for both 
theoretical and fitted which was obtained using equation 9.7. From Figures 9.32 and 
33 the progressive increase in the UIRs as temperature increases can be seen. From 
the UIRs, measurement to a high temperature of 1473K (maximum temperature for 
this work) was possible but with a relatively large error of -8%. This error can be 
greatly reduced if the fibre sensor can be properly coupled to the excitation source 
and other optics, and by replacing the mechanical chopper with an electronic 
modulator. By doing so the signal-to-noise ratio could be increased and the 
temperature measuring system improved. There were differences between the 
theoretical and fitted values of dE. When adopting equation 9.7, one would expect 
some variation as this equation is commonly used for silica based fibres. 
Discrepancies were also observed in work reported by Seat [2.57] when Al203 SCF 
fibres were employed for temperature sensing. Modification could be made to the 
present equation 9.7 to improve the condition of the fitting to oxide based materials. 
For now, a close approximation is sufficient for the current investigation. Due to the 
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non-monotonic changes of the intensity with temperature in the 4F9/2 manifold, 
emission lines at 679nm was not made use of for VIR calculation. 
Integral intensities of the wavelengths from 2HlI/2 transition (530nm to 550nm -
subscript A) and 453/2 (550nm to 570nm - subscript B) were monitored. Figure 9.34 
shows the intensity ratio between the two transitions. The VIR plot is linear making 
it desirable for temperature sensing application. The UIR;~ is both fitted with a 
straight line and equation 9.7, the points were thoroughly fitted. The ratio of the 
integrated intensity between transitions 2HII/2 + 453/2 with 4F9/2 (UIR;~c) is presented 
in Figure 9.35 (subscript C refers to region 630nm to 700nm). The very steep slope 
observed in the higher temperature region signified that there are large changes in the 
temperature dependent ratio making it extremely useful for measuring extreme 
temperature environments. 
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Figure 9.26: Spec Y AI 26 Y 3A1s012:Er3+ upconversion 
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Figure 9.27: Spec YAI 26 Y3A1s012:Er3+ upconversion 
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Figure 9.28: Spec YAI 26 Y3Als0 12:Er3+ upconversion 
spectra from 973K to 1473K & 273K, 2F 9/2 
1473K 
1373K 
1173K 
973K 
RmTemp 
700 
o ~~~~~--~~~~~~~~~~~ 
630 640 650 660 670 680 690 700 
Wavelength f... / nm 
300 
Table 9.3 - Spec YAI26:Y3Als0 12:Er3+ temperature sensor VIR denotations 
Denotations 
UIR 26 13 
UIR 26 23 
Visible line 
1553.5/1560 
Theoretical Fitted 
417.44 517.73 
627.14 678.96 
209.7 598.34 
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Figure 9.29: Spec YAl26 Y3AI5012:Er3+ - Integrated 
intensity at 2Hu12, 4S3/2 and 4F9/2 
25000.-~----~----~----~----~----~----~~ 
20000 
-~ 
'00 15000 
c (1) 
...... 
C 
"0 (1) ~ 10000 
.... 
0> 
(1) 
...... 
c 
5000 
71 
/ 
I 
/ 
/ 
, 
/ 
, 
1 
GI , , 273 473 673 873 1073 1273 1473 / 
G, W 
'''0'_ /-0 
"0--0.__ _9- . ~ ~~-q.-.--'}-""::~~--=--B--~ -i}- - 0- - - EJ 
273 473 673 873 1073 1273 1473 
Temperature / K 
Figure 9.30a: Spec YAl26 Y3AI5012:Er3+ intensity based 
sensing at 541nm (1541) 
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Figure 9.30b: Spec YAl26 Y3A1s012:Er3+ intensity based 
sensing at 553.5nm & 560nm (lS53.5 & 1560) 
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Figure 9.31: Spec YAl26 Y3Als012:Er3+ intensity 
based sensing at 676nm (1676) 
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Figure 9.32: Spec YAI26 Y3Als012:Er3+ UIR\2; & UIR\;6 
(actual and fitted with Eq 9.7) vs temperature 
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Figure 9.33: Spec Y AI 26 Y 3Als012:Er3+ UIRi: (actual and 
fitted with Eq 9.7) vs temperature 
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Figure 9.34: Spec YAI26 Y3Als012:Er3+ UIR;~ (actual and 
fitted) vs temperature 
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Figure 9.35: Spec Y AI 26 Y 3Als012:Er3+ UIR;~c (actual 
and fitted with Eq. 9.7) vs temperature 
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9.6.3 Fluorescence Decay Sensing - Y3AIs012:Er3+ 
Measuring the fluorescence decay time of a rare earth ion can be another method to 
determine the temperature of an environment. From section 9.6.1, we have observed 
the presence of strong Er3+ emission from the 411213 transition. The study of the FIR 
has shown that the fluorescence emissions are dependent on changes in temperature. 
With this knowledge, the rare earth fluorescence lifetime temperature dependence at 
transition 411213 was investigated in this work. Attempt was made to measure the 
integrated lifetime of this transition but was not successful. The intensity blackbody 
radiation from the furnace and the lack of appropriate IR filters led to saturation of 
the photodetector. Therefore study was made on the individual IR lines that were 
used in the FIR measurements. The IR lines are seen in Figure 9.11. To prevent the 
influence of unwanted IR radiation, the monochromator was used as a filter to shield 
the photodetector. When employing fluorescence decay (FD), the effect of having to 
measure light intensity accurately was not a concern and FD is commonly of the 
order of hundreds of microseconds which can easily be detected and measured 
accurately [9.43]. In this experiment, the signal from the photodetector was 
processed by a digital oscilloscope and the results then stored on a computer and the 
curves fitted using the EASYPLOT software package. 
9.6.3.1 Results and Discussion 
Within the 411312 transition, the nine IR lines employed for FD experiment all 
exhibited a single exponential decay curve. Refer to Appendix B to see these curves 
at 1612mn. The maximum temperature investigated in this work was 1473K. Figures 
9.36 to 43 show the lifetime of individual wavelengths as a function of temperature. 
Zhang [3.28] reported that when Er3+ ion doped in silica fibres a decrease in lifetime 
was evident and the explanation to this was the thermal quenching of the Er3+ 
fluorescence. The same effect was present in the current work. The rare earth ions 
experience a single step decay from the 411312 level to the ground level 4115/2 and under 
the influence of temperature this radiative decay rate increases. Generally all plots 
from the figures reflect a decreasing trend but not all are suitable for temperature 
measurements. Figure 9.36 show the decay of the IR line 1453nm. The error bars at 
the lower temperature region were large and the difference in lifetime, 't, between the 
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lower and upper temperature regions were very small. Using the FD at this 
wavelength does not seem practical. The large variation in the readings at the lower 
temperature region was due to the weak emission signal. From the fluorescence 
emission spectrum in Figure 9.13 it can be seen that at room temperature it has one 
of the lowest intensities but increases as temperature rises. Figure 9.41 illustrates the 
response of the IR line 1628.5nmn and again the unstable variation of't makes it 
unsuitable for use as a temperature sensing fluorescence decay line. One possible 
solution to reduce this large variation error would be to reduce the coupling losses 
between the excitation source, photo detector and fibre. 
From among the nine data sets two were selected to be fitted by a least-squares fit 
routine [9.49]. The selection was based on the consistency of the response. These 
curves are fitted using the software package EASYPLOT. There is no physical 
significance for this fit, but it purely provides the best possible fit to the experimental 
data acquired, see Figures 9.39 and 40. Observation from these two fitted curves 
showed clearly the decrease in lifetime. The slower decrease seen at the higher 
temperature region (approximate above 973K) could possibly be due to phonon-
induced transitions or more radiative transitions initiated from the higher energy 
levels since these levels have a higher transfer rate [3.28]. Figure 9.44 shows the 
value of t at different wavelengths at different temperatures. From this plot, the 
maximum average decay at room temperature was -7.5ms and the difference in 't 
between 273K and 1273K was -0.98ms. On the other hand, Er3+ doped silica fibres 
have a difference of -6ms [3.28] therefore making it more sensitive. The setback of 
silica fibre is that it has a maximum operating temperature of -1273K. 
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Figure 9.36: Spec Y AI 26 Y 3Als012:Er3+ fluorescence 
decay at 1453nm 
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Figure 9.38: Spec YAI 26 Y 3AIs012:Er3+ fluorescence 
decay at 1528.5nm 
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Figure 9.39: Spec Y AI 26 Y 3Als012:Er3+ fluorescence 
decay at 1568nm 
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Figure 9.40: Spec YAI 26 Y 3A1s012:Er3+ fluorescence 
decay at 1612nm 
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Figure 9.41: Spec YAl26 Y3Als0 12:Er3+ fluorescence 
decay at 1628.5nm 
f--L ' \ 
1---m/ \ \ 
\ 
\ 
\ 
\ 
\ 
0.0060 1...-27 .... 3---47 ..... 3--6-7 ...... 3--8--'7-3--1 ...... 07-3--1 ...... 27-3--14 ..... 7-3----' 
Temperature I K 
310 
-u Q) 
(J) 
-Q) 
E 
:0:; 
>. 
cu 
u Q) 
0 
-~ 
(J) 
-Q) 
E 
:0:; 
>. 
cu 
u 
Q) 
0 
0.0080 
0.0078 
0.0076 
0.0074 
0.0072 
0.0070 
0.0068 
0.0066 
0.0064 
0.0062 
Figure 9.42: Spec YAI26 Y3Als0 12:Er3+ fluorescence 
decay at 1640.5nm 
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Figure 9.43: Spec YAI26 Y3Als0 12:Er3+ fluorescence 
decay at 1652.5nm 
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Figure 9.44: Spec YAI26 Y3Als0 12:Er3+ fluorescence 
decay of different temperatures at varies wavelengths 
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9.7 Y3Als012:Er3+ + Yb3+ - Temperature Sensor 
9.7.1 Fluorescence Intensity Based Sensing - Y3Als012:Er3++Yb3+ 
From previous work in Chapter 6, it was observed that when Yb3+ was co-doped it 
facilitated a better absorption (at 950nm<A.<1100nm region) which improved the 
energy transfer processes within the fibres where the pumping efficiency in the IR 
region can increase by two orders of magnitude [3.38]. Baek [9.43] stated that the 
energy transfer rate between the two ions is thermally coupled due to the population 
densities which are temperature dependent. When excited with a 965nm laser diode, 
it was observed that fluorescence emission took place from the 4Fs/2 (Yb3+) and 4113/2 
(Er3+) transition levels. Figure 9.45 shows the fluorescence emission at room 
temperature. An additional IR line at 1027nm was included in this experiment when 
the FIR is calculated. Another eight lines are used similar those used in the singly 
doped YAG fibres (see Figure 9.11 for the other IR lines used). These lines were 
employed to monitor temperature from 293k to 1473K and the results were then 
fitted with equation 9.7. 
9.7.1.1 Results and Discussion 
The fluorescence emission intensity at transition 4111/2 (at 101Onm) was -40% more 
intense than the next highest peak at 1528.5nm (see Figure 9.46. Figures 9.46 to 50 
show the fluorescence emission profile over various temperate ranges. For easy 
discussion, the fluorescence emissions are divided into 4 different regions, Region Y 
- 1000nm to ll00nm and Regions A, Band C similar to that of Spec YAI 26 in 
section 9.6.1.1. Figures 9.47 and 48 showed that the intensity from 4111/2 decreases as 
temperature is applied to the sensor. A possible cause could be that the upper thermal 
energy level (4F9/z-411512 transition) experiences a certain amount of overlapping by 
the fluorescence at the lower thermally coupled energy level (4Fs/2_4F712 transition) 
[9.40] and possible energy back transfer. From Figure 9.48, it was observed that the 
peak at 1027nm at a temperature of 1473K had completely disappeared. Figures 9.49 
and 50 show the fluorescence spectra at transition 4113/2 under the influence of 
temperature. The co-doped fibre reacted similarly to the singly doped fibres 
discussed in section 9.6.1. Intensity in Regions A and B increases when temperature 
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rises whereas Region C decreases. By integrating the fluorescence intensity over 
each region, a clearer comparison could be made between them. These results are 
shown in Figure 9.51. Regions A and B exhibited an increasing intensity as the 
temperature rises. These increments could be again attributed to the overlapping of 
the fluorescence from the lower to the upper energy level and these regions could be 
selected for potential sensing application. Region C showed minimal changes 
throughout the temperature scale. 
Table 9.4 shows the denotations of the FIR for Spec YAI 32. The presence of Yb3+ 
ions has given this fibre an additional IR line at 1027nm. Figures 9.52a and b, 
illustrate the intensity ratios of the IR lines with the 1027nm line as a function of 
temperature. As temperature increases a decrease in FIR is seen for all the curves 
with only four of the eight demonstrating a wide FIR range with a steady exponential 
decrease in FIR. Hence these four curves, FIR~i to FIR~!, were chosen to be fitted 
with equation 9.7. The theoretical model fitted the experimental data perfectly with 
the? values all near unity, see Figures 9.52c and d. The IR line observed has no 
significant change in FIR after -673K making it insensitive at high temperatures. 
Furthermore, when the FIR data were fitted to equation 9.7 a negative sign to ~E was 
obtained. This was similar to the work of Baek [9.43] and could be due to the higher 
energy level sFs/2 of the Yb3+ ion compared to that of the energy level 4113/2 of the 
Er3+ ion. However, it is possible to use these ratios for temperature measurements 
although perhaps not recommended; further work would be needed to be done to 
identify why the negative value of ~E occurs. 
Several FIR curves are plotted in Figures 9.53a and b where 1443nrn was used as the 
reference IR line. Although the characteristics of these curves were non-monotonic, 
after close examination only three showed potential and were selected for 
temperature sensing applications. The re-plotted curves are shown in Figures 9.53c 
and d. FIRI~2, FIRI~ and FIRti showed a steady increase with temperature rises. 
Figure 9.54a and b, show the FIR for 1470nm as reference line. Observations made 
from the plots showed that the FIRs calculated with the IR lines in the 1600nm 
region to be more temperature dependent as compared to that of the 1500nm region. 
The larger change in intensity ratio would be extremely useful for temperature 
sensing applications. Three curves were re-plotted and are shown in Figures 9.54c 
314 
and d. The theoretical curves fit adequately with the experimental results. FIRs for 
1528.5nm as the reference IR line are shown in Figures 9.54a and b. The ratio 
between 1528.5nm and 1568nm produces a decreasing curve as temperature 
increases. On the other hand, others showed an increase and also have a wider 
intensity ratio. Selected curves fitted with the theoretical equation 9.7 are show in 
Figures 9.55c to e. Again, the ratio of 1528.5nm with IR lines in the 1600nmn 
showed good results when fitted theoretically. Results of the FIRs for the 1568nm 
line were just as promising, see Figure 9.56a. Three of the four FIRs showed a 
consistently and linear increase. When fitted (see Figures 9.56b and c) the results 
again showed the FIRs could be employed for temperature sensing applications. At 
1612nm, FIRs plotted were not as ideal because the curves are mainly 'flat', see 
Figure 9.57. The two plots of 1628.5 as reference IR line seen in Figure 9.58a have 
minimal changes at lower temperature and were only effective above -773K. The 
theoretical fits were again close to unity but the FIRs could only be used in the 
higher temperature region, see Figure 9.58b. The last IR line investigated was 
1640.5nm and Figure 9.59 illustrates the results. A gradual increase was observed 
with temperature and an appropriate line could to be fitted to it. 
FIR method using the integrated intensity across the four regions (Y, A, B and C) 
was also investigated as a possible method to determine changes in temperature. See 
Figures 9.60a and b. When Region Y was employed as the reference, the FIR curves 
plotted exhibited an exponential decay profile. FIR~; was chosen as it has a wider 
intensity ratio and the changes in intensity ratio with temperature were consistent. 
Figures 9.60c shows an adequate fit to this curve. It is observed that it has better 
sensitivity in the lower temperature range rather than the higher region. Figure 9.60b 
shows that only two plots were usable as one was flat throughout. Figure 9.60d 
illustrate the fitted theoretical curves with an effective measuring temperature range 
from -273K to -1473K. It is worth mentioning that experimental investigation in 
this work showed to be in good agreement with the theoretical model and many IR 
lines and regions have great potential for use as fluorescence-based temperature 
sensors. Lastly. adding Yb3+ did not see any marked influence in fluorescence 
emission at transition 411312, the behaviour was greatly dominated by the Er3+ ions 
present in the fibre. 
315 
::J 
cci 
-Q) 
u 
c 
Q) 
u 
rn 
Q) 
'-
0 
::J 
u.. 
;:) 
ctI 
-Q) 
u 
c 
Q) 
u 
rn 
Q) 
'-0 
;:) 
u.. 
1600 
1200 
800 
400 
Figure 9.45: Spec Y AI 32 Y 3AIs012:Er3+ + Yb3+ fluorescence 
in room temperature, 293K 
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Figure 9.46: Spec Y Al 32 Y 3AIs012:Er3+ + Yb3+ fluorescence 
pectra from room temperature to 1473K 
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Figure 9.47: Spec Y AI 32 Y 3AIs012:Er3+ + Yb3+ fluorescence 
spectr a (411112) - room temperature to 873K 
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Figure 9.48: Spec Y AI 32 Y 3A1s012:Er3+ + Yb3+ fluorescence 
pectra (411112) - room temperature to 1473K 
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Figure 9.49: Spec Y AI 32 Y 3AIs012:Er3+ + Yb3+ fluorescence 
spectra (4113/2) - room temperature to 873K 
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Figure 9.50: Spec Y AI 32 Y 3AIs012:Er3+ + Yb3+ fluorescence 
spectra (411312) - room temperature to 1473K 
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Figure 9.51: Spec YAl32 Y3Als012:Er3++Yb3+-
Integrated intensity 
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Table 9.4 - Spec YAI26:Y3Als012:Er3++Yb3+ temperature sensor FIR 
denotations 
Denotations IR lines Denotations IR lines Denotations IR lines 
FIR32 11027/11453 FIR 32 1145/11628.5 FIR 32 11528.sl11640.5 Y1 16 37 
FIR32 Y2 lIOnlI1470 FIR 32 17 114531'11640.5 FIR
32 
38 1 1528.sl1 1652.5 
FIR 32 11027/11528.5 FIR 32 1145/11652.5 FIR 32 11528.sl11612 Y3 18 45 
FIR 26 Y4 11027/1 1568 FIR 32 23 11470111528.5 FIR 32 46 11528.511 1628.5 
FIR 26 
Y5 lIOnlI1612 
FIR 26 
24 11470111568 FIR 26 47 11528.YII640.5 
FIRn Y6 11027/1 1628.5 FIR 32 25 11470111612 FIR
32 
48 11528.YI1652.5 
FIR12 11027/11640.5 FIR 32 1 1470111628.5 FIR32 11612/11628.5 Y7 26 56 
FIR 32 
Y8 11027/1 1652.5 
FIR32 27 11470111640.5 FIR
32 
57 1161i1164O.5 
FIR 12 114531'11470 FIR32 11470111652.5 FIR32 11612/11652.5 12 28 58 
FIR 32 
13 J 14531'1 15285 FIR 32 34 1 1528.sII 1568 FIR
32 
67 11628.sIII64O.5 
FIR 32 114531'11568 FIR 32 I1528.sl11612 FIR 32 11628.YI 1652.5 14 35 68 
FIR 32 15 1 14nn/1 1612 FIR
32 
36 1 1528.sl1 1628.5 FIR
32 
78 1 I 64O.sl1 1652.5 
320 
oc 
-u.. 
oc 
-u.. 
Figure 9.52a: Spec Y AI 32 Y 3Als012:Er3+ + Yb3+ FIR~~ to FIR;! 
vs temperature 
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Figure 9.52b: Spec Y AI 32 Y 3Als012:Er3+ + Yb3+ FIR;; to FIR;; 
vs temperature 
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Figure 9.52c: Spec YAl32 Y3Als0 12:Er3++Yb3+ FIR:~&FIR:; 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.52d: Spec YAl32 Y3Als012:Er3++Yb3+ FIR:; to FIR:! 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.53a: Spec Y Al 32 Y 3AIs012:Er3+ + Yb3+ FIR?; to FIR?; 
vs temperature 
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Figure 9.53b: Spec Y Al 32 Y 3AIs012:Er3+ + Yb3+ FIRl3; to FIR?; 
vs temperature 
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Figure 9.53c: Spec Y Al 32 Y 3AIs012:Er3+ + Yb3+ FIRJ
3
; & FIRJ3; 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.53d: Spec Y Al 32 Y 3AIs012:Er3+ + Yb3+ FIRJ
3
g
2 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.54a: Spec YAI32 Y3AIs012:Er3++Yb3+ FIR;; & FIR;; 
vs temperature 
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Figure 9.54b: Spec Y Al 32 Y 3AIs012:Er3+ + Yb3+ FIR;; to FIR;; 
vs temperature 
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Figure 9.54c: Spec Y AI 32 Y 3AIs012:Er3+ + Yb3+ FIR;; & FIR;; 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.54d: Spec YAI 32 Y3Als0 12:Er3++Yb3+ FIRii 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.55a: Spec Y Al 32 Y 3AIs012:Er3+ + Yb3+ FIRi: 
vs temperature 
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Figure 9.55b: Spec YAI32 Y3AIs012:Er3++Yb3+ FIR;;toFIRis2 
vs temperature 
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Figure 9.55c: Spec YAI32 Y3Als012:Er3++Yb3+ FIR;: 
(fitted with Eq. 9.7) vs temperature 
1.8r-~----~----~----~------~----~----~--~ 
1.7 
1.6 
1.5 
13 - - - -fJ FIR32 34 
FIR!!=8·exp(-,~FlkT)+C max dev:O.0319, ~::0.975 
8=365, ~Flk=-0.314, C::-363 
FIR~ - Fitted 
1.4~~----~----~----~--------~----~----~~ 
4.5 
273 473 673 873 1073 1273 1473 
Temperature / K 
Figure 9.55d: Spec YAI 32 Y 3Als012:Er3+ + Yb3+ FIRiff & FIRii 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.55e: Spec Y AI 32 Y 3Als012:Er3+ + Yb3+ FIR;; 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.56a: Spec Y AI 32 Y 3Als012:Er3+ + Yb3+ FIR1; to FIR1; 
vs temperature 
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Figure 9.56b: Spec Y AI 32 Y 3Als012:Er3+ + Yb3+ FIR1; & FIR1; 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.56c: Spec Y AI 32 Y 3A1s012:Er3+ + Yb3+ FIR1i 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.57: Spec YAI32 Y3Als012:Er3++Yb3+ FIR;; to FIR;; 
vs temperature 
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Figure 9.58a: Spec Y Al 32 Y 3AIs012:Er3+ + Yb3+ FIR;} & FIR:: 
vs temperature 
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Figure 9.58b: Spec Y Al 32 Y 3Als012:Er3+ + Yb3+ FIR~i & FIR:: 
(fitted with Eq. 9.7) vs temperature 
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Figure 9.59: Spec Y Al 32 Y 3AIs012:Er3+ + Yb3+ FIRii 
(actual and fitted with Eq. 9.7) vs temperature 
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Figure 9.60a: Spec Y AI 32 - Y 3Als012:Er3+ + Yb3+ FIR;; to FIR;~ 
• integrated intensity vs temperature 
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Figure 9.60c: Spec Y AI 32 - Y 3Als012:Er3+ + Yb3+ FIR;~ • 
integrated intensity (fitted with Eq. 9.7) vs temperature 
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9.7.2 Upconversion Intensity Based Sensing. Y3Als0 12:Er3++Yb3+ 
There are a number of advantages in having Yb3+ as a co-doped ion. One of which is 
the optimization of the energy transfer by broadening of the absorption band at 
900nm to 1000nm region. Several works have reported incorporating Er3+ + Yb3+ ions 
and using upconversion intensities for temperature sensing in fibres at the lower 
temperature region (-293K to 493K) [9.50,51]. The use of co-doped Ah03 SCF as 
host for temperatures up to -1470K has also been discussed [2.23]. Investigations 
carried out in this section are on the temperature dependent green and red spectral 
regions of the Y AG co-doped SCF. Under the excitation by a 965nm laser diode, a 
strong green and red emission was observed at room temperature (Figure 9.61). The 
red emission is about -41 % of the green. A relationship between temperature 
changes and intensity changes was examined by monitoring the visible lines at 
541nm, 553.5nm, 560nm and 676nm. Work presented in this section demonstrates 
that possibility of achieving and measurement temperature range as high as -1473K. 
Intensity based sensing, using UIR and integrated intensities in the different 
transition levels are methods employed to determine the temperature change. 
9.7.2.1 Results and Discussion 
A general overview of the upconversion spectra under the influence of temperature is 
presented in Figure 9.62. It clearly shows that as temperature increases the intensity 
of several strong peaks in the green region decreases and the red emission intensity 
was at its strongest at 1473K. Transitions from the 4S3/2 level decrease as the 
temperature rises. With increasing temperature, broadening of the linewidth at the 
base of the upconversion profile is evident. Figure 9.67 (insert) illustrates the 
integrated intensity changes of the three transitions. Transitions 2HII/2 and 4F9/2 
decrease with temperature, however, at -773K the two experience an increase in the 
integrated intensities. Figures 9.63 and 64 show the upconversion emission spectra at 
different temperatures for the transitions from 2Hl1l2 and 4S312• The increase in the 
former transition, as mentioned in singly doped YAG, was possibly due to the 
thermal equilibrium within energy levels of the rare earths [9.48]. The reduction of 
the 4S3/2 level could be due to the homogeneous line broadening and population 
redistribution between the Stark lines at the ground level 4115/2. This possible 
336 
redistribution has then increased the integrated intensity from the 2H11n transition. 
Figure 9.64 illustrates the linewidth started at wavelength 530nm initially then 
increase to start at wavelength -500nm. At 1473K, transitions from 2HIIn increased 
by -55%. The plots in Figures 9.65 and 66 show the temperature dependent 
upconversion emission spectra from 4F9Iz • Broadening of linewidths were again seen 
in this transition. The red emission exhibited an initial decrease before increasing 
with temperature. This rapid increase of the integrated intensity makes it very 
sensitive to temperature changes at the high temperature region, Figure 9.67. 
Vsing the upconversion emission intensity as a function of temperature could be 
another way to monitor the temperature change within a system. Figures 6.68a and b 
shows the visible lines in the 2H11n and 4S3n transitions and Figure 6.69 illustrates 
the line in the 4F9I2 transition. In the green region, exponential decrease was observed 
in plots as the temperature increases. These rapidly decreasing curves have a 
maximum effective temperature of only -1173K. The 1676 intensity line in the red 
was not ideal for temperature sensing due to non-monotonic changes in the intensity. 
Table 9.5 shows the denotation used for the VIRs. When 541nm was chosen as the 
upper energy level in the VIR calculation, the results could not be fitted well with 
equation 9.7. The results did not follow the ideal behaviour this could be due to the 
broadening of the line shapes at high temperatures. As reported by Maurice 
upconversion intensity ratios do not fellow theoretical predictions closely [3.36]. 
Figure 9.70 shows the plots UIR?; & UIR)332 and a 4th order polynomial fitted carried 
out on the curves. Mentioned in the work by Sidiroglou [9.41], this polynomial 
fitting method is commonly used in thermometry sensing thereby creating another 
avenue by which data can be analysed. Figure 9.71 illustrates the VIR between the 
ratio of 553.5nm and 560nm and its fitted curve. An increase in VIR was observed as 
the temperature rises. The calculated energy difference from the fitted curve is 
1662cm-1 whereas the theoretical value of dE is 209.7cm-1• The large discrepancy 
could be attributed to the material used, as equation 9.7 was intended for silica based 
sensors. Once again study of the visible line at 679nmn was abandoned due to non-
monotonic changes in the intensity. 
Figure 9.72 shows the intensity ratio and fitted plots (both linear and with equation 
9.7) of the integrated wavelengths between transitions 2HIIn and 4S3/2. The linear 
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behaviour make it ideal for use in thermometry. Lastly, the integrated intensity ratio 
between the green eHIl/2 + 4S3/2) and the red (4F9/2) is presented in Figure 9.73. A 
rapid increase is observed after 1073K. The exponential increase makes it ideal for 
temperature sensing since small changes in temperature will result large changes in 
VIR. Even though there are variations in the intensity for the transitions seen in 
Figure 9.67, the VIR results show a consistent increase; similarity kinds of 
fluctuation of intensity have also been reported in reference [9.50]. This consistency 
in the VIR confirms the self-referencing property and concludes that it is 
independent of pump power fluctuation [3.36, 9.50]. From the above work, several 
ways can be adopted for temperature sensing as the rare earth ions in Y AG have 
shown to be dependent to temperature. 
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Figure 9.65: Spec YAl32 Y3Als012:Er3+ + Yb3+ upconversion 
spectra from room temperature to 873K, 4F9/2 
-- 873K 
-- 673K 
-- 473K 
-- RmTemp 
640 650 660 670 680 690 
Wavelength A. / nm 
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Table 9.5 - Spec YAI26:Y3Als012:Er3+ + Yb3+ temperature sensor VIR 
denotations 
Denotations 
UIR 32 12 
UIR 32 13 
UIR 32 23 
Visible lines 
1553.5/1560 
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intensity at 2Hll12, 4S3/2 and 4F9/2 
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Figure 9.68a: Spec YAl32 Y3Als0 12:Er3+ + Yb3+ intensity 
based sensing at 541nm (IS41) 
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Figure 9.69: Spec Y Al 32 Y 3AI5012:Er3+ + Yb3+ intensity based 
sensing at 676nm (1676) 
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Figure 9.72: Spec YAI 32 Y3AIs012:Er3+ + Yb3+ UIR~~ (actual 
and fitted with Eq 9.7) vs temperature 
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and fitted with Eq 9.7) vs temperature 
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9.7.3 Fluorescence Decay Sensing - Y3AIs012:Er3++Yb3+ 
The previous section 9.7.2 has demonstrated the increased efficiency in the red 
emission region when Yb3+ was added as a sensitizer. Work reported by Sun [3.38] 
shows that Yb3+ not only enhances the optical excitation of the 960nm region but 
also changes the thermal characterises at high temperatures and reduces the drift in 
lifetime due to annealing. In this work, investigation was made on Y AG:Er3+ + Yb3+ 
fibre's FD as a function of temperature. The thermal range for this work was from 
273K to 1473K. FD at individual IR lines at the transitions 411312-+4115/2 and 
4F512-+ 4F712 were recorded at different temperatures. 
9.7.3.1 Results and Discussion 
All lifetimes recorded in this experiment displayed a single exponential decay curve. 
Examples of some of the curves are shown in Appendix B. When Yb3+ was added as 
a co-doped ion in Y AG, an additional IR line was observed at 1027nm. The recorded 
FD as a function of temperature is shown in Figure 9.74. At room temperature it has 
a decay of -O.95ms. This was the only line investigated that exhibited an increase in 
't with increasing temperature. This work presented, was in agreement with the report 
by Kennedy [6.4], which showed that in Yb3+ doped YAG the 't values increases with 
rising temperature. From the Figure 9.74, it is observed that errors could be as high 
as -21 %. Although there is an increase in 't, this increase was not progressive but 
staggered. The lifetime difference between 293K and 1473K was -220/ls which was 
very small making it very difficult to be employed as a temperature sensor. Figures 
9.45 to 82 show the FD of the emissions lines at transitions 411312-+411512. It is seen in 
these figures that increment of temperature brings about a decrease of lifetime. Under 
the influence of temperature, the Er3+ ion experienced thermal quenching that 
resulted in the decrease in fluorescence lifetime which was evident throughout all the 
IR emission lines [3.28]. All profiles showed a common linear trend and the 
maximum error for these plots was -4%. Linear fits were made to each plot at this 
transition. Again there is no physical significance for these fitted lines but they 
merely demonstrate the best fit for the results acquired. FD at 1612nm showed a 
sensitivity of I.I7/ls/K which is calculated from the slope of the fitted line, see 
Figure 9.79. Analysis of these plots also revealed that at approximately 1173K the 
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decrease in t was a little more rapid as compared to the lower temperature region. 
The slower decrease in the t, at the lower temperature region, as mentioned in 
reference [3.28] could be possibly due to phonon-induced transitions from higher 
energy levels. 
The average lifetime at room temperature for the transition 4113/2 was -6.9ms. When 
referred to the work in Chapter 6, this t value, indicates that the dopant concentration 
in this fibre is approximately Imol% Er3+. This approximation is close to that when 
using the FIR method mentioned in section 9.4. Figure 9.83 shows that there is 
consistency in the decay at different wavelengths and clearly illustrates the decrease 
of lifetime with increasing temperature. However, the maximum difference in t from 
273K to 1273K is -1.2ms; larger than the singly doped fibre but smaller than Er3+ 
doped in silica [3.28]. Similar to the work reported by Sun [3.38], Yb3+ does change 
the thermal characteristics especially in the higher temperature region which can be 
seen from the plots studied in this work. 
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Figure 9.78: Spec YAI32 Y3AIs0 12:Er3+ + Yb3+ 
fluorescence decay at 1568nm 
G - - -~ 11568 
-- 11568 - Fitted 
473 
11568 = -1.2SE-ST +0.00715, max dev:2.89E-4, r
2
=0.953 
... 
'1$1 ... 
673 873 1073 
Temperature / K 
...... ~ 
... 
, 
1273 
\ 
l 
1473 
Figure 9.79: Spec Y Al 32 Y 3AIs012:Er3+ + Yb3+ 
fluorescence decay at 1612nm 
G---~ 11612 
-- 11612 - Fitted 
11612 = -1.17E-6T +0.00710, max dev:1.81 E-4, r2=O.966 
473 673 873 1073 1273 1473 
Temperature / K 
351 
0.0070 
0.0068 
0.0066 
0.0064 
-u Q) 
0.0062 en 
"-' 
Q) 
E 0.0060 ~ 
>-
n3 0.0058 u Q) 
0 
0.0056 
0.0054 
0.0052 
0.0050 
273 
0.0070 
0.0068 
0.0066 
0.0064 
-u Q) 0.0062 en 
"-' 
Q) 
E 0.0060 ~ 
>-~ 0.0058 Q) 
0 
0.0056 
0.0054 
0.0052 
0.0050 
273 
Figure 9.80: Spec Y Al 32 Y 3AIs0 12:Er3+ + Yb3+ 
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9.8 Y 203:Er3+ - Temperature Sensor 
Investigations were carried on using Y z03:Er3+ SCF for application as temperature 
sensors. Methods like FIR, UIR and FD were used to determine the temperature 
changes. All results are presented in this section. The interest of this work was to 
investigate the response of rare earth in Y Z03 SCF under the influence of temperature 
and the condition of the host during and after the temperature cycle. 
9.8.1 Fluorescence Intensity Based Sensing - Y203:Er3+ 
Y Z03 - stabilized ZrOz was reported by Tong [2.56] as a promising sensing material 
due to the high melting point at -3000K. Work by Allision [9.53] examined the used 
of ceramic phosphors doped with rare earth, for example Yz0 3:Eu3+, as remote 
thermometers. Ceramic based Y Z03 is a common host used in thermometry 
applications. The advantage is its effective working temperature ranges from 
cryogenic temperatures to -2200K. In this work, Yz0 3:Er3+ SCF fibres are used as 
fluorescence based temperature sensors. Fluorescence emissions were observed at 
transitions 411112 and 4113/Z. Two IR lines from the former and seven IR lines from the 
latter transitions were monitored during the temperature sensing experiment in order 
to determine the fluorescence intensity ratio as a function of temperature. Figures 
9.84 and 85 show the fluorescence at room temperature and the IR lines used for the 
FIR experiments. 
9.8.1.1 Results and Discussion 
A general overview of the fluorescence spectra with respect to temperature is shown 
in Figure 9.86. It is observed that the fluorescence intensity at emission 411112 (Region 
A - 1000 to 1100nm) decreases as the temperature increases. Although the signal-to-
noise ratio decreases with increasing temperature the two peaks observed remained 
noticeable at 1473K, see Figures 9.87 and 88. This phenomenon is similar to that 
seen in Y3AIsOIZ:Er3++Yb3+, discussed in section 9.7. Figures 9.89 and 90 show the 
fluorescence spectra from transition 4113/2 at different temperature. The fluorescence 
spectrum at this transition is divided into three regions, B (1400 to 1500nm), C (1500 
to 1600nm) and D (1600 to 1700nm). One common observation throughout these 
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regions is that the fluorescence spectra intensities increase with rising temperature. 
This continued on until the temperature reached -1273K, where the intensity begins 
to decrease. This decrease could be possibly associated with fluorescence quenching 
and chemicaVmaterial changes under the influence of high temperature [9.38]. The 
peak at wavelength -1528nm remained the strongest even at this temperature. The 
changes in the intensities within different regions are clearly illustrated in Figure 
9.91. The transition 411312-411512 generally experiences an increase as temperature 
increases and Region C has the steepest slope indicating that this region experienced 
the largest increase. In the transition 411112-4115/2, Region A, decreases as temperature 
rises and levels out at -873K. The integrated intensity for each region presented in 
this figure are derived from using EASYPLOT software package. By monitoring 
these regions, the temperature within an environment could be determined. 
When the Y 203:Er3+ SCFs were excited with the 965nm laser diode, several IR lines 
within the fluorescence emission at the transitions 4111/2 and 4113/2 were selected to be 
used in the FIR method. To determine the FIRs, the intensities of each of the IR lines 
were recorded using LAB VIEW software package and were then transported to 
EASYPLOT. Tables 9.6 and 7 show the denotation of the IR lines employed in the 
Y 203:Er3+ SCF temperature sensor when using the FIR method. For transitions in the 
411112 manifold peak intensities at 1010nm and 1028.5nm were used as the numerator 
ratio calculation, see Figures 9.92a to c and 9.93a to b. Negative !!E was observed, 
(see Figures 9.92e, 92f, 93c and 93d), although it is possible to use these ratios for 
temperature sensing but perhaps not recommended. Further work would be required 
to investigate the occurrence of the negative value for !!E. From the graphs only 
FIRt24 increase as the temperature increases. Fitted with equation 9.7, the curve 
increases progressively with an effective maximum temperature of 1473K. The 
theoretical and calculated values of !!E were 178.9cm'l and 346.08cm'l respectively, 
see Figure 9.92d. The remaining plots were in the form of exponential decay curves 
which were only sensitive up to -1073K. 
In the emission 4113/2 numerous FIR curves are possible candidates for use in 
thermometry applications. A large majority of these curves increase with rising 
temperature. Figures 9.94a to 99 clearly illustrated the intensity ratio as a function of 
temperature. The 1500nrnn region exhibited the highest intensity ratio change 
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whereas the 1600nm region showed the lowest. In the 1400 region, FIR:: exhibited a 
relatively large intensity ratio change moreover when fitted with the model equation, 
it has an effective working temperature range starting at -573K. This curve has a!1E 
of 1649cm-1 (fitted) and 755cm-1 (theoretical). The large difference between the two 
could be due to the equation that was adopted for this work which is commonly used 
for silica based fibres. Figures 9.95a to 96d illustrate the case where peak intensities 
at 1530.5nm and 1550nm used as the numerators for FIR. These curves exhibited a 
large change in intensity ratio, however, the effective working temperature only 
starts at -1073K. For the peak at 1572nm, FIR:; to FIR:: ' a larger effective 
temperature range is seen which starts at 573K but with a small change in of FIR. 
The small and erratic changes in FIR~, FIR~: and FIRg~ make them unsuitable for 
use in thermometry. 
The FIR as a function of temperature can also be calculated using the ratio of the 
peak at higher energy to peak at lower energies. Figure 9.100a shows curves when 
Region A was chosen as N2 and Region B NJ in equation 9.7. FIR~ and FIR!~ 
from this figure shows a larger intensity ratio change at the lower temperature region 
but at higher temperatures. Only FIR~ in Figure 9.100b responded well to 
temperature while FIR~ and FIR~ were less sensitive to temperature. Fitted curves 
using equation 9.7 are seen in Figures 9.100c and d. Most of the FIRs discussed in 
this section can either be used at higher temperatures only or lower temperature 
regions. 
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Table 9.6 - Spec 64 Y 203:Er3+ temperature sensor FIR denotations 
411112 
Denotation IR lines Denotation IR lines 
FIR64 12 11010/11028.5 FIRM 23 11028.5/11473.5 
FIRI~ 110 to/11473.5 FIR64 24 1 1028.sl1 1530.5 
FIR64 14 110 toll 1530.5 FIR64 25 11028.sl11550 
FIRM 15 110 1011 1550 FIR64 26 1 1028.sl1 1572 
FIR64 16 11010/11572 FIR64 27 11028./11636.5 
FIR64 17 110 to/11636.5 FIR64 28 l1028.sl11650 
FIR64 18 11010111650 FIR~ 11028./11658 
FIRr: llOtoll \658 
361 
Table 9.7 - Spec 64 Y203:Er3+ temperature sensor FIR denotations 
4113/2 
Denotation IR lines Denotation IR lines 
FIR64 34 11473./11530.5 FIR64 56 11550111572 
FIR~ I 1473.51I1550 FIR64 57 11550111636.5 
FIR64 36 I 1473.sII 1572 FIR:: 11550111650 
FIR64 37 11473./11636.5 FIR64 59 11550111658 
FIRrs 11473./11650 FIR:; 11572/11636.5 
FIR64 39 11473.slI1658 FIR:: 11572/11650 
FIR64 45 11530./11550 FIR64 69 11572/11658 
FIR::' 11530./11572 FIR64 78 11636./11650 
FIR64 47 11530./11636.5 FIR64 79 I 1636.sII 1658 
FIR64 48 11530./11650 FIRg6: I 16581I 1658 
FIR64 49 11530./11658 
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Figure 9.92d: Spec 64 Yz0 3:Er3+ FIR,6; (fitted with Eq. 9.7) 
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Figure 9.93c: Spec 64 Y203:Er3+ FIR~: (fitted with Eq. 9.7) vs 
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vs temperature 
2.0 ~~--........----...---..-------.------......---....------, 
1.5 
1.0 
0.5 
64 
G- - -€) FIR24 
FIR~ - Fitted 
FIR~=B*exp(-6FlkT)+C max dev:O.0537, r=O.997 
B=1.73, AFlk=-229, C=-2.00 
.,....~~'--t::'- =-0- -<> 
O~----~--~--~----~--~~~~ 
673 873 1073 1273 1473 273 473 
Temperature / K 
367 
Figure 9.94a: Spec 64 Y 203:Er3+ FIR~: to FIR~: vs 
temperature 
0.75 r--.......-----.------.----..,-----.------,------.---., 
0.65 
0.55 
0.45 
0.35 
0.25 
G---El FIR~ 
G---{J FIR64 35 
64 
v---v FIR36 
0.15 L-..o.....-__ _"_ __ --'--__ __'_ _ --'-__ ---' _____ "'------I 
273 473 673 873 1073 1273 
Temperature / K 
Figure 9.94b: Spec 64 Y20 3:Er3+ FIR::toFIR:: vs 
temperature 
1473 
6~.......----~--~---~--~------~--. 
5 
4 
G---El FIR64 37 
64 G - - - {J FI R38 
64 
v---v F1R39 
a:. 3 
..... 
u.. 
2 
1 
OL-~--~--~---~---"-----'------~ 
673 873 1073 1273 1473 273 473 
Temperature / K 
368 
Figure 9.94c: Spec 64 Y203:Er3+ FIR:: (fitted with Eq. 9.7) 
vs temperature 
o. 75 r-.....------,-----.------.---~---.__--....._____, 
0.65 
0.55 
0.45 
8----0 FIR64 36 
FIR: - Fitted 
FIR:=B*exp(-.6E1kT)+C max dev:0.0154, ,-2=0.993 
B=0.664, L\EIk=904, C=0.357 
0.35 L-"'---__ -A.-__ ""O""-__ ""O"-__ --'--__ ............ __ ............ _--' 
273 473 673 873 1073 1273 1473 
Temperature / K 
Figure 9.94d: Spec 64 Y 203:Er3+ FIR:; & FIR:: (fitted with 
Eq. 9.7) vs temperature 
6~~----~------~----~------~----~------~--~ 
G---iJ FIR64 39 
5 FIR~ - Fitted 
4 
FIR64=B*exp(-.1E1kT)+C max dev:0.250, (=0.988 
8=19.3, .1E1k=2373, C=1.25 
ct: 3 
1-4 
LL. 
2 
OL-~----....o....-----....o..-------,-----~--~----~--~ 
473 673 873 1073 1273 1473 273 
Temperature / K 
369 
0::: 
-u. 
Figure 9.95a: Spec 64 Y 203:Er3+ FIR:; & FIR::' vs 
temperature 
3.5.-~----~----~----~------~----~----~--~ 
3.0 
2.5 
2.0 
1.5 
[3 - - - {] FIR64 45 
64 G---€l FIR46 
~ -~ 
""-E:>- .e- - ~ -€>--e--e-~-~-
/ 
ri 
/ 
[3 
= __ ..0--
- -[3 - - -G - - -{J- - - & - - £J- - - 8- --8- - -8 - --...:J 
/ 
fb 
/ 
_.rr 
y> 
/ 
/ 
/ 
.... 
.... 
£J 
1.0L-~------~----~------~----~~----~------~--~ 
273 
20 
15 
10 
5 
273 
473 673 873 1073 1273 
Temperature I K 
Figure 9.95b: Spec 64 Y z03:Er3+ FIR:~ to FIR:; vs 
temperature 
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Figure 9.9Sc: Spec 64 Y 203:Er3+ FIR:; & FIR::' (fitted with 
Eq. 9.7) vs temperature 
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Figure 9.96b: Spec 64 Y20 3:Er3+ FIR~¢toFIR~:vs 
temperature 
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Figure 9.96c: Spec 64 Y 203:Er3+ FIR:; & FIR:: (fitted with 
Eq. 9.7) vs temperature 
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9.8.2 Upconversion Intensity Based Sensing - Y203:Er3+ 
A visible green light was observed coming from the tip of Y203:Er3+ sensing fibre 
when excited with a 965nm laser diode. Investigation was carried out to apply the 
upconversion emission as a function of temperature and further investigate its 
functionality for use as a SCF sensor. A spectral scan was carried out at room 
temperature and it is illustrated in Figure 9.10 1. Comparing this upconversion 
spectrum with that of YAG singly and co-doped, the red emission was very weak. 
Although both hosts were doped with Er3+ ions, the upconversion spectra were 
slightly different. The intensities of the visible lines at 538.5nm, 553nm, 563nm and 
681nm were needed for UIR calculations. Study was made of the transitions 2HIl/2 + 
4S3/2 (green) and 4F9/2 (red) was monitored as a function of temperature up to 1473K 
and -673K, respectively. 
9.8.2.1 Results and Discussion 
Figures 9.103 to 105 show the upconversion spectra from the experiment. At the 
emission 2HII12 when temperature increases, only a slight increase in intensity was 
observed. In Figure 9.104, comparison is made between the spectrum at room 
temperature and at 1473K. It can be seen that the only increase in intensity occurs 
between wavelengths -518nm to -527nm. When the integrated intensity of the 
transition was calculated the increase was not significant enough to be apparent in 
the plot shown in Figure 9.106. This only reflected a gradual decrease in integrated 
intensity. At transition 4S3/2 , it was observed that the intensity decreases with rising 
temperature. Figures 9.103 and 104 show the change in of the upconversion across 
the temperature range. From Figure 9.106, an exponential decay for transition 4S3/2 
was seen. This is useful to measure lower temperatures due to the rapid changes with 
intensity to small temperature increments. The reduction of intensity could possibly 
be due to homogeneous line broadening and redistribution of the ions' population 
within the Stark lines. Unlike in the results for YAG, the redistribution to transition 
2HII/2 was not obvious and can't be observed in the upconversion spectra. Another 
noticeable difference is that Y203 upconversion spectrum profile at 1473K 
maintained good resolution when compared to Y AG. No obvious broadening was 
experienced during the temperature changes. The upconversion emission spectrum 
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from 4F912 , seen in Figure 9.105, was only effective until -673K. The profile of the 
emission after this temperature was dominated by the background noise and no 
meaningful results could be obtained from the data collected. 
Figures 9.107 to 109 show the upconversion emission lines as a function of 
temperature. The plots show a decrease in intensity as the temperature increases. In 
Figure 9.107, 1538.5 exhibits steady decrease as temperature increases hence a linear 
line was fitted to the plot. Emission lines at 553nm and 563nm experience a 
progressive decrease. The gradual decrease was also observed in the red emission 
having a maximum effective temperature of -673K, see Figure 9.109. It is worth 
mentioning that in the green transition, due to the Stark level splitting several other 
peaks (521nm, 547.5nm, 555nm and 560nm) were observed and remained relatively 
strong throughout the thermal cycle. It was clear that these sublevels are temperature 
dependent and could be considered for use in future thermometry experiments. 
Table 9.8 shows the denotations of the VIRs assigned to each intensity ratio and both 
the theoretical and calculated energy differences. The presentations of all the VIRs 
are shown in Figures 9.110 to 112. UIR:;; was not ideal for temperature sensing as 
the curve only showed a small variation in the VIR. UIRtt &UIRr: showed a gradual 
increase but with a small increment in VIR with respect to temperature. For 
VIR';. & VIR::' shown a large change in intensity ratios is seen suitable for the lower 
temperature region. Once again the ~E of the fitted and theoretical are not in 
agreement. Modification of the present equation 9.7 might be a way to improve the 
fit to cater for crystalline oxide based materials. 
From the upconversion emission spectra, the integrated intensity from the transitions 
2HIl12 (520nm to 550nm) and 4S3/2 (550nm to 570nm) could be used to calculate the 
VIR. Figure 9.113 shows that VIR~ has a progressive increase with temperature. It 
was also observed that the maximum effective temperature was as high as 1473K. 
When UIR':nc was plotted, it showed a monotonic line with no significant changes in 
the VIR therefore it was appropriate for thermometry applications. 
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Table 9.8 - Spec 64: Y 203:Er3+ temperature sensor VIR denotations 
Denotations Visible line 
Theoretical Fitted 
UIRtt 1538.511553 486.92 606.69 
UIRI~ 1538.511563 808.0 307.17 
UIR'; 1553/1563 
UIR~ 1553/~81 3398.87 1589.34 
UIR 26 34 1563/~81 3077.68 1881.9 
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Figure 9.110: Spec 64 Y z03:Er3+ UIRt: & UIRl~ (actual 
and fitted with EQ 9.7) vs temperature 
1.25 r-..----..----...----.-----.----.....,.......----r---, 
1.00 
0.75 
0.50 
0.25 
13 - - - iJ UIR64 13 
64 ~--El UIR12 
- - - UIR64 - Fitted 12 
UIR~ - Fitted 
UIR~=B*exp(-~ElkT)+C max dev:0.0441, r=0.935 
B=0.522, ~E1k=442, C=0.0229 
o~~----~----~----~~----~----~----~--~ 
673 873 1073 1273 1473 273 473 
Temperature / K 
Figure 9.111: Spec 64 Yz03:Er3+ UIR:; vs temperature 
0.55 r-..----...----.-----.-----.----.....,.......--~--, 
0.50 
0.45 
0.40 
[3, 
" ''''Q 
I ' 
I ' 
I '.£l.. 
I h-- , 
I , 
" ~ ~ , ~ 
',,,.[J..--1=1 " \ tr'" ........ \ I \ 
I \ 
, I \ 
'- I \ ~'--d \ 
\ 
\ 
\ 
\ 
o 
0.35 L--'--____ ........... ____ __'_ ____ ---' ______ -'--____ ~ ____ __'_ __ __I 
1473 673 873 1073 1273 273 473 
Temperature / K 
387 
Figure 9.112: Spec 64 Yz03:Er3+ VIR;:' &VIR~ (actual 
and fitted with Eq 9.7) vs temperature 
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9.8.3 Fluorescence Decay Sensing - Y 303:Er3+ 
The fluorescence lifetime of the Er3+ ion is determined by the host material in which 
it is doped. There are differences when Er3+ is doped in silica fibre and silicon 
reported by Zhang [9.53]. The work presented in this thesis shows that under the 
influence of different host materials the fluorescence lifetime varies as shown in 
Chapter 6 and 7. Er3+ was doped in Y20 3, with a starting concentration of 2mol% and 
was investigated using the dependence of rare earth's lifetime on temperature to 
perform sensing applications under temperatures as high as 1473K. Similar to the 
results seen for YAG singly doped SCF several IR lines in Y20 3:Er3+ were selected 
and closely monitored throughout the temperature range. Among the nine IR lines 
examined (Figure 9.85) four at IOlOnm, 1028.5nm, 1530.5nm and 1550nm were 
selected for closer study. The remaining lines were not suitable due to the signal 
from the fibre being too weak. Among these four only those in the 1500 region were 
able to be effective up to 1473K whereas the others only have an effective maximum 
working temperature only up to -973K. 
9.8.3.1 Results and Discussion 
The FD recorded was from the transitions 411112-+411512 and 4113/2-+4115/2, and all 
demonstrated single exponential decay curves, see Appendix B. Emission from the 
411112 manifold consists of IR lines at IOlOnm and 1028nm. Figures 9.115 and 116, 
show the lifetime at these points. It was observed that generally 't decreases as the 
increases temperature. The maximum temperature for observation of these two lines 
was -973 K, higher than this and the signal is obscured by noise and no lifetime can 
be recorded. The decrease in lifetime was approximately linear therefore attempt was 
made to fit a straight line to the plots. These fitted lines provide the best fit for these 
two fluorescence decay values. The sensitivity at 10 IOnm and 1028nm were 
3.05Jls/K and 3.52JlslK respectively. This is calculated by the slope of the fitted line. 
The maximum average 't value for this transition is -3.4ms. The strongest 
fluorescence emission observed from the spectrum was in the 1500nm region. 
Figures 9.117 and 118, show the FD for the IR lines at 1530.54nm and 1550nm. The 
maximum effective range for these two emission lines were 1473K. The decrease in 
't with temperature was similar to that seen in the singly doped YAG SCFs. A 
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possible reason for this was due to thermal quenching of the Er3+ ion in the fibre. The 
maximum error encountered for these IR lines was -7%. Data was fitted using a 
least-square fit routine [9.49]. From the fitted curves, it was observed that the 
decrease in lifetime with increasing temperature has a more rapid decline at lower 
temperatures. The maximum difference in 't from 293K to 1273K was -2.3ms which 
was the highest in the course of this work. Again silica doped Er3+ fibres still have a 
wider range of't values -6ms. 
An estimation of the Er3+ dopant concentration in this SCF could be obtained from 
referring to data presented in Chapter 7. The 't value at room temperature was -9.5ms 
which falls between 9.1ms for O.3mol% and WArns for 6mol%. A rough estimation 
of the dopant concentration within the fibre from it's lifetime can be determined. 
Using the FIR presented in section 904, another way of approximating the dopant 
level, estimates the concentration to be -2mol% Er3+ in the SCF. From this work, 
YAG and Y20 3 fibres have approximately the same dopant concentration but there is 
a large difference in lifetime decay, which is in agreement with reference [9.53]. The 
general problem when using Y 203 SCF as a temperature sensor was the presence of 
internal cracks within the fibre. This problem increases the losses and will therefore 
reduce its accuracy. 
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Figure 9.117: Spec 64 Y 203:Er3+ fluorescence decay at 
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10 Conclusion and Future Work 
10.1 Conclusion 
The growing interest in the area of Single Crystal Fibres (SCF) and their applications 
has being the main driving force of this project. Incorporating different dopant 
concentrations of rare earths into SCFs in order to have a clear understanding of the 
effects of different oxides was another area of motivation. Basically, this work can be 
divided into three major sections. The first of which was the employment of the laser 
hearted pedestal growth (LHPG) system to grow SCFs. Studies were carried to 
demonstrate the possibility of using the present technique to grow different oxide 
based SCF materials that are doped with different rare earths of various 
concentration levels. Secondly, to characterise the grown fibres. The third and last 
section was to apply these SCFs in practical aspects. 
One of the many reasons for choosing LHPG was that it is a versatile crystal growth 
technique. With the ease of preparation, this technique is able to be employed to 
grow a large variety of materials ranging from oxide, fluoride, eutectics, etc. The 
present system follows the model designed by Stanford University. It consists of a 
30W C02 laser and various optics that deliver the laser to the source material. The 
pull and feed mechanisms are driven by precision DC motors. The holding devices 
for the seed fibre had been modified and have greatly improved the alignment during 
the growth process. Three materials (Y203, Ah03 and Y3AIs012) were investigated 
and the source materials used for growth were either from bulk material or cold 
pressed powders. The half pellet method was used to produce a fibre that is 
monolithic where only the tip of the fibre was doped with rare earth. The size of the 
square rods cut from the pressed pellets were required to be relatively small (-0.8 x 
-0.8 x -13mm) so that they could be fitted in a miniature chuck. It was observed 
during the growth process of Ah03 and Y3AIs0 12 that bubbles were evident in the 
melt. The melt became unstable when the dopant concentration level increased. For 
Al20 3 fibres, this instability happens when Er3+ dopant concentrations were at 
Imol%. The fibres produced at concentrations higher than 2mol% would opaque and 
be pinkish in colour. Y 3AIs012 fibres had a higher acceptance of rare earth content. 
Only when dopant levels reached 15mol% would the melt become unstable and 
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clouding would then be evident in the fibres. This cloudiness is formed by 
microviods that appear in the fibres. Y20 3 fibres were highly receptive to rare earth 
doping. The highest doping concentration used in this work was 59mol % for Y 203. 
Although the physical appearance of the fibre at this concentration was pink, no 
instability in the melt was observed throughout the growth process. Among the three 
oxide materials investigated, Y 203 was the most brittle and internal cracks were 
common for all concentration levels. Defects like inclusions and ridges were seen on 
the surface of the fibres due to C02 laser power instability. Irregularities in diameter 
along the fibres were observed for fibres with a diameter -300jlm and above. 
Fluctuation of the laser tends to take place at higher powers. Since larger diameters 
require higher powers to grow this explained the inconsistency of the diameters 
encountered. 
Y3AIsOl2 SCFs grown had diameters ranging from -390jlm to -420jlm. Physical and 
optical characterisation was carried out on these fibres. During the physical 
characterisation, results revealed that these fibres had a shear strength of -2.3MPa 
when a three-point bending test was carried out. The knowledge of the absorption 
wavelengths was used in identifying the type of excitation source needed to induce 
fluorescence. Observation was made that the absorption spectra changed under the 
influence of different rare earths and their concentrations. Er3+ singly doped fibres 
experience broadening of their linewidths, especially in the 4113/2 level, when the 
dopant concentration increases from 0.5 to lOmol%. When Yb3+ was co-doped in 
Y AG, linewidth broadening from -900nm to -1050nm was observed. This suggested 
that the energy transfer efficiency when pumped at this wavelength would increase. 
Fluorescence emission was observed when the fibres were excited by a 975nm pump 
source and the 'five finger' spectrum profile which is characteristic of Er3+ in Y AG 
was seen in the 1600nm region. Increasing the dopant concentration causes distortion 
within the lattice of the crystal that resulted in the broadening effects seen. When co-
doped with Yb3+, emission at the 411112 level was observed and increasing the 
concentration of Yb3+ increased the fluorescence intensity from this level. Green 
emission from the fibres was the telltale sign of the presence of upconversion. 
Experiments were carried out to characterise the emission in the visible region. 
Under the influence of higher Er3+ and Yb3+ concentrations the red emission intensity 
was seen to increase. The emission from 2HII/2 + 4S3/2 (green region) were the 
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strongest for all concentration levels. The fluorescence decay lifetime for these fibres 
was investigated and single exponential curves were seen for all fibres. Increasing 
dopant concentration levels in this work did not result in concentration quenching but 
an increase in lifetime from 6.5ms at 0.5mol% to Sms at lOmol% was observed. 
Special care was required when handling the YZ0 3 SCFs due to their brittleness. 
With a shear strength of only -0.71MPa, it was physically the weakest of the three 
oxide materials investigated in this work. Diameters of the fibres grown ranged from 
-390Jlm to -430Jlm. Being a tough material with a high melting temperature of 
2450°C, high quality fibres were difficult to grow due to the limitation of the laser's 
power. The advantage of this oxide was its acceptance of rare earth dopants. Fibres 
were doped with Er3+ ions from 0.03 to 59mol%. Linewidth broadening was seen as 
the concentration levels increased and especially at 59mol% in the transition 4113/2 
which had a linewidth of 174nm. Similar broadening effects were also observed 
throughout the wavelengths investigated as dopant levels increased. The merging of 
narrow peaks resulted in the formation of wider linewidths, possibly caused by the 
inhomogeneous broadening under the strong influence of the presence of Er3+ ions. 
Under excitation by a 965nm laser a strong fluorescence emission from the 4113/2 
transition was seen and at a concentration of 3.1mol% and above an increase in the 
intensity from the 4111/2 transition was also witnessed. At 59mol%, the 
telecommunication emission line at 1550nm was no longer seen but the 1600nm 
region experienced an overlapping of emission lines which resulted in broadening of 
the linewidth. At low dopant concentrations, emission in the red region was 
extremely weak. Increasing the Er3+ level also increased the red emission in the 
visible region. Visible green light was seen emitting from the fibre but 
orange/reddish colour was seen with the 59mol % fibres. Y 203 doped Er3+ fibres have 
a slower lifetime when compared to YAG fibres. At 0.03mol%, the decay was found 
to be 7.4ms and at 6mol% was 12.4ms. Fluorescence quenching was observed at 
59mol% where the decay decreases to 1.7ms. 
Growth of Ah03 fibres was carried out as an initial 'test' material to examine LHPG 
using open loop control. Among the three materials studied Ah03 was the easiest to 
grow therefore making it the ideal testing material. Ah03:Cr3+ (ruby) fibres grown 
had diameters of -200Jlm and did not have any surface irregularity. The laser power 
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required to grow these fibres was -11 W and at this setting the fluctuation in laser 
power was minimal therefore resulting in good quality fibres. These fibres have the 
highest shear strength (-5MPa) when compared with Y AG and Y 203 fibres. 
Absorption and fluorescence characterisation was done for the ruby fibres and bulk 
material. The absorption and emission profiles were similar for the two ruby fibres 
and bulk materials. 
Investigations were carried out on the use of Y AG singly and co-doped fibres, and 
Y203 singly doped fibres as temperature sensors. Methods such as fluorescence 
intensity ratio (FIR), upconversion intensity ratio (VIR), fluorescence decay (FD) 
and emission intensity were examined as a function of temperature. All three types of 
fibre exhibited qualities which could be employed as fibre sensors for high 
temperature measurement. Y 3AI5012:Er3+ fibre sensing using the FIR method was 
seen to have several IR lines that could be used in thermometry sensing. Generally, 
the majority of the FIR curves experience an intensity ratio increment under the 
influence of increasing temperature where the theoretical curve can be easily fitted to 
the experimental results. IR line at 1528nm and 1568nm were the most ideal for they 
were able to detect temperatures ranging from -273K to -1473K whereas some were 
either effective at lower temperatures or only at higher temperature ranges. The 
introduction of Yb3+ did not see much improvement in thermal behaviour compared 
to that of the singly doped Y AG fibres. With the addition of Yb3+ ions, fluorescence 
emission in the 4Fs/2 transition was observed. When the peak at 1027nm was used for 
the intensity ratio measurement, an exponential decay curve was seen. These curves 
were only effective at the lower temperatures. As for Y203 SCFs temperature 
sensing, experiments showed that the IR lines at 1530.5nm and 1550nm had potential 
for temperature sensing. The majority of the FIRs investigated for this material were 
either effective in the lower or higher temperature regions only. 
Vpconversion emission, for three types of fibres, in the green and the red regions 
were temperature dependent. For the Y AG based fibres, as temperature rises, it was 
observed that there was a slight increase in 2Hll/2 emission. 4S3/2 emission 
experiences an 'exponential decay' type of decrease in intensity as the temperature 
increases. This response in the green emission can be employed for temperature 
sensing. The thermal behaviour of emission in the visible region was similar for the 
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singly and co-doped YAG fibres. For Y20 3 SCF, when using the temperature 
dependence of the green and red emission, the maximum effective working 
temperatures were -1473K and -673K, respectively. The red emission intensity was 
dominated by noise at high temperatures and it was not possible to detect any 
reasonable signal. 
FD dependence on temperature was investigated. The difference between the lifetime 
at low and high temperatures for the Y AG singly doped and co-doped, and Y 20 3 
SCFs were -0.98ms, -1.2ms and -2.3ms, respectively. Particularly for YAG singly 
doped SCFs, the noise level in the FD experiment was relatively low. Decay at 
1612nm had a sensitivity of -1.17 p.s/K. As for Y20 3 SCFs, only four IR lines were 
employed due to the poor signal-to-noise ratio. IR lines at lOlOnm and lO28nm have 
an effective measuring temperature up to lO73K whereas 1530.5nm and 1550nmn 
were able to measure up to I473K. 
10.2 Future Work 
Insufficient C02 laser power was the major problem encountered during growth of 
Y20 3• It is extremely difficult to grind the cold pressed source rod down and most of 
the commercial fibre source materials are of diameters around Imm. The present 
CO2 laser cannot handle high refractory materials that are larger than Imm. It would 
be ideal to have a higher power C02 laser of approximate lOOW so that a wider 
variety of materials can be studied. Replacement by a higher power laser would also 
eliminate fluctuation problems caused by the present laser. All fibres in this work 
were grown without a closed loop diameter monitoring system. At present final 
quality is greatly dependent on the experience of the person growing the fibres but 
there are obvious limitations. Having a closed loop control system that is able to 
communicate with the laser power, pull and feed mechanism, and the x-y control 
would improve the quality of the fibres grown. With this system in place, by 
monitoring the changes of diameter during the growth, adjustment of the other 
parameters could be made accordingly so that high quality fibre diameters can be 
achieved. Another area for improvement would be the limitation of the present pull 
mechanism where only a short length of fibre can be grown. Modifying the pull/feed 
mechanism into a continuous belt configuration would help to increase the length of 
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the grown fibres. Monitoring CCTV can be used to replace the viewfinders that are 
used presently. It is extremely tiring for one to view through the viewfinders for a 
long period of time and also one can only monitor one direction at a time. These 
problems could be solved using cameras to monitor the two axes simultaneously and 
also the capability of recording the growth process for future studies would be of 
advantage. 
Sol-gel was another area that was of interest in the cladding of the present SCFs 
grown by LHPG. Relatively high transmission losses were evident in the present 
fibres. The growth system is not able to grow or coat a cladding on the crystal fibres 
therefore one method of doing so would be to use the sol-gel method. Work is 
currently in progress investigating the use of alumina thin-film coatings through sol-
gel techniques. This 'cladding' by dip-coating is put onto the fibres to reduce losses 
and also act a form of protection to the core fibres. Alumina was chosen due its high 
temperature resistance where it can be employed in the thermometry. The difficulty 
of this work is the inability to increase the thickness of the alumina film on the fibres 
but surely this is an area worth investigating. 
Further improvement can be done on the coupling system between the fibres and the 
present equipment required for the temperature or other experiments. Improvement 
of the growth system would give quality fibres which could then be properly 
connected to commercial couplers. This would greatly improve the signal-to-noise 
ratio and also make the fibres more commercially viable. For the dopant 
concentration studies in this work, a deeper study could be carried out to further 
understand the actual amount of concentration entering the fibres and the losses of 
the dopant. Ways of approaching this can be carried out through physical studies 
using SEM. Finally it would be interesting to look at monolithic upconversion lasers. 
Success has been seen in doping fibres through cold pressing by the half pellet 
method discussed in this work. Using the same method one could produce Ah0 3 
fibres that are on one end Ti3+ and the other Er3+. The green visible emission from 
the Er3+ can then be used to excite the Ti3+ ion on the other end of the fibre. 
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Appendix A 
Table At - Materials growth b~ LHPG 
Materials Common Melting Orientation Diameter Application Name Point (0C) (~m) 
Oxide 
Al20 3 Sapphire 2045 a, c 55 - 800 Beam Delivery' 
AI20 3:Cr3+ Ruby 2045 C 3 -170 Laser' 
Ah0 3:Te+ Ti:sapphire 2045 C 200 - 800 Laser' 
BaB20 4 BBO 1095 500 NLO' 
BaTi03 
Barium 1618 c (Hex 300- 800 Ferroelectric' Titantate phase) 
BaTi03 
Barium 1618 c (Cubic 300- 800 Ferroelectric ' Titantate phase) 
B'2Si020 BSO [011], [001] 650- Photorefracti ve 4 1200 
B12Ti020 BTO [011], [001] 650- Photorefracti ve 4 1200 
CaSc20 20 2200 a, b, c 100- 600 Model' 
CaSc20 20:Nd 2200 c 600 Model' 
Gd2(Mo04)3 1157 [110] 200-600 Ferroelastic' 
Gd3SczAI 3O'2 GSAG 1900 800 Laser l 
K3Lh-x KLN a 500 NL09 
Nbs+xO'S+2x 
K3Li2-x Nd:KLN a 500 NLO,Laser9 
Nbs+xO'S+2x 
KTa'_xNbx0 3 KTN <1370 [100] 600 Photorefractive3 
LaMgAI, ,0'9 
1700- 100- 600 Laser' 2000 c 
Li2Ge03 1170 a, c 100-600 Raman' 
L2O-3B20 3 LBO 834 200 NL0
6 
LiNb03 
Lithium 1260 20-800 NLO,SAW' Niobate a,c 
LiNb03:Nd3+ 1260 c 600 Laser' 
LiNb03:MgO 1260 a, c 50 - 200 
NLO, Laser 
Host8 
LiTa03 Lithium 1650 [110] 600 SAW' Tantalate 
LiYF4:Nd Nd:YLF 825 
1000- Lase~ 3000 
LiYF4:Tm Tm:YLF 825 1000- LaserS 3000 
LU203:Cr 2400 c, [110] 600 Laser' 
MgAIz0 4:Ti 2150 1000 Laser' 
Mg2Si04:Cr 
Cr: 
forsterite 
1890 700 Laser7 
Nb20 S 1495 
700- Optical Prop.' 1700 
Nd2SiOs 1980 750 Laser' 
SCZ0 3:Cr 2400 c, [110] 600 Laser' 
Scta0 4 2300 a 200- 600 Ferrolelactric' 
ScNb04 2100 200-600 Ferrolelactric' 
SrBaNb20 6 1700 a, c 200 -600 Ferrolelactric' 
SrBaTiz0 6 1500 600- Photorefractive' a, c 1700 
800 2 Sr2Ru04 [001] Superconductor 
407 
SrSc20 4 2200 600 Model! 
SrTi03 
Strontium 1860 600 Optical Prop! Titanate 
Ti02 1850 500- Material Studyl 1000 
YAI03:Ti Ti:YAP 1875 500- Laser! 1000 
Y3AIsOl2 YAG 1940 [111], [100] 100- Modell 1000 
Y3AIs0 12:Nd Nd:YAG 1940 [111], [100] 6-1000 Laser! 
YFesOl2 YIG 1555 [l10] 110-600 Isolator l 
Y20 3:Cr 2400 c, [110] 600 Laserl 
Y20 3:Eu 2410 c 500- 800 Laser l 
Y3Sc2Al30 l2 Cr:YSAG 1900 [111] 800 Laser l 
:Cr 
Fluorides 
BaF2 
Barium 1280 [100] 200- 800 IR Guide! Fluoride 
CaF2 
Calcium 1360 [111] 600 IR Guide l Fluoride 
Eutectics 
LiF-NaF 676 Eutectics l 
Li2O-Ge02 1106 Eutectics l 
NaF-NaCI 640 Eutecticsl 
PbF2-AhF3 565 1000 Material Studyl 
Semiconductors & Metallies 
B9C 2400 200 Thermoelectric I 
Bi2Sr2CaCu20g 900 250- Superconductor! 1000 
Co 1495 100- 600 Magnetics l 
Fe 1539 100-600 Magnetics! 
Fe-Co 1500 100- 600 Magneticsl 
Ge 960 200 IR Guide l 
LaB6 2716 200 
Cathode 
Filamentl 
Nb 2468 200 Superconductor! 
Si 1420 [ Ill] 200 Model 
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Figure Bl: Spec YAI26 Y3Als0 12:Er3+ fluorescence 
decay at 1612nm at 293K 
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Figure B2: Spec YAI26 Y3Als012:Er3+ fluorescence 
decay at 1612nm at 1473K 
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Figure 83: Spec Y AI 32 Y 3Als012:Er3+ + Yb3+ 
fluorescence decay at 1612nm at 293K 
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Figure 84: Spec Y AI 32 Y 3Als012:Er3+ + Yb3+ 
fluorescence decay at 1612nm at 1473K 
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Figure B5: Spec 64 Y 203:Er3+ fluorescence decay at 
1530.5nm at 293K 
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Figure B6: Spec 64 Y203:Er3+ fluorescence decay at 
1530.5nm at 1473K 
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